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Abstract

Historically, there have been two opposing views regarding deposition mechanisms in plasma
polymerisation, radical growth and direct ion deposition, with neither being able to fully
explain the chemistry of the resultant coating. Deposition rate and film chemistry are
dependent on the chemistry of the plasma phase and thus the activation mechanisms of species
in the plasma are critical to understanding the relative contributions of various chemical and
physical routes to plasma polymer formation. In this study, we investigate the roles that
hydrogen plays in activating and deactivating reactive plasma species. Ethyl trimethylacetate
(ETMA) is used as a representative organic precursor, and additional hydrogen is added to the
plasma in the form of water and deuterium oxide. Optical emission spectroscopy confirms that
atomic hydrogen is abundant in the plasma. Comparison of the plasma phase mass spectra of
ETMA/H20 and ETMA/D:0 reveals that 1) proton transfer from hydronium is a common route
to charging precursors in plasma, and 2) hydrogen abstraction (activation) and recombination
(deactivation) processes are much more dynamic in the plasma than previously thought.
Consideration of the roles of hydrogen in plasma chemistry may then provide a more
comprehensive view of deposition processes and bridge the divide between the two disparate

schools of thought.
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Introduction

Many questions have been raised regarding plasma polymers due to seemingly contradictory
observations which have thwarted the development of a unified mechanistic theory of
deposition. For example, why are plasma polymers always depleted in hydrogen,* why do they
auto-fluoresce due to double bonds even when the precursor is saturated,? why do they age due
to dangling bonds,>* and why does plasma polymer chemistry correlate with ion chemistry in
some cases,® but with neutral chemistry in others®’? These questions cannot be explained
exclusively by either radical or ionic growth mechanisms, and detailed understanding of these
processes has remained elusive despite reports dating back to the 1960s.8-20

Plasma polymer coatings can be used to tailor surface properties!! including chemical
functionality,>!3 wettability* and modulus,>*® without affecting bulk properties, and thus
have found application in solar cells,*® microelectronics,'’ diamond-like carbon (DLC)
coatings,*® polymer brush grafting,’® slow release coatings?®?! and protein separation??.
However, due to a lack of detailed knowledge of deposition mechanisms, industrial uptake in
many cases has proceeded based on empirical trial-and-error rather than predictive modelling.
This is because the gas phase of plasmas are extremely complex and there are multiple routes
for deposition to occur; direct ion deposition®*, plasma radical — surface radical combination?®
and radical propagation®. Direct ion deposition occurs when positive ions are accelerated to
negatively charged surfaces in contact with the plasma.?® The kinetic energy with which the
ions collide is typically 10-30eV, which enables a number of surface interactions, including
scattering, dissociative chemisorption, soft-landing and abstraction.?” The dissipation of this
kinetic energy is also capable of causing bond scission between atoms already on the surface
resulting in surface radical formation.?® These surface radicals then facilitate the radical
combination and radical propagation deposition mechanisms. Radical combination requires
the production of plasma phase radicals, while radical propagation requires plasma species with
double bonds.

The relative contributions of these mechanisms are crucial in determining the rate of deposition
and the retention of chemical functionality.?® Deposition via radical combination can lead to
poor functional retention as precursor fragmentation is a prerequisite for this mechanism. lonic
deposition can also suffer from plasma phase fragmentation, but additionally from surface
etching and atomic rearrangement, although we have recently shown that highly functionalised
plasma polymer films were formed from intact protonated precursor ions via the plasma o—y

transition>®. It has also been shown that radical propagation via double bonds inherent in the
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precursor structure can lead to high functional retention as intact precursor molecules represent
the vast majority of the species in the plasma.®* In most cases the degree of functional retention
iIs maximised by using very low RF power inputs to minimise fragmentation, but this may
require a trade-off for other properties such as solubility or modulus.

Thus, how ions, radicals and double bonds are formed and behave in the plasma is crucial to
understanding deposition processes. Gas phase abstraction of hydrogen is well known?-3 and
additionally it has previously been hypothesized that precursor protonation occurs via proton
exchange from hydronium®, however experimental evidence is lacking. Hydrogen therefore
plays key roles in producing plasma ions and radicals, but the degree to which these
mechanisms determine plasma chemistry is unknown and is the focus of this study. Ethyl
trimethylacetate (ETMA) is used as a representative organic precursor, and additional
hydrogen is added to the plasma in the form of water (H20) or deuterium oxide (D20). Optical
emission and plasma phase mass spectra are used to measure the properties of the neutral and
ionic species in the plasma phase. Comparison of the mass spectra results for ETMA/H,0 and

ETMA/D20 plasmas reveals the crucial role hydrogen plays in determining plasma chemistry.

Experimental section

Materials
Ethyl trimethylacetate (ETMA, Pt no. 234559, 99% purity) and Deuterium oxide (D20, Pt no.
151882, 99.9% atomic D) were sourced from Sigma-Aldrich, D,O. H.O used was Milli-Q

water.

Plasma Polymerisation. Plasma mixtures of ETMA, H2O and DO were created using a
stainless steel vacuum chamber. The plasma reactor used has been described and characterized
elsewhere.*® The chamber was pumped down by a two-stage rotary pump with an in-line liquid
nitrogen trap to reach a base pressure below 0.002 mbar, and the ETMA, H20 and D-0, placed
in separate flasks, were degassed by freeze-thaw cycling with liquid nitrogen. The partial
pressures of ETMA, H20 and D0 in the chamber were controlled by separate needle valves
(Chell, UK). Plasma was ignited using an RF power generator (13.56 MHz, RFG050 Coaxial
Power Systems, UK) with a matching network (AMN150, Coaxial Power Systems, UK. Air
plasma was used to etch the reactor prior to each experiment for 30 min. Gas mixtures of
ETMA:D20 and ETMA:H20 with ratio of 1:1 (partial pressures of 0.03mbar : 0.03 mbar) , 1:2



(partial pressures of 0.02mbar: 0.04 mbar) and 2:1 (partial pressures of 0.04mbar: 0.02 mbar)

were used such that the total gas pressure remained constant at 0.06 mbar.

Plasma Mass Spectrometry (MS). A quadrupole mass spectrometer (Hiden EQP1000 energy
resolving mass spectrometer) was mounted along the reactor midline axis. The system was
differentially pumped during operation using a turbomolecular pump. The internal pressure
remained below 5 x 10~" mbar. A grounded 100 um orifice was used during sampling. The
mass spectrometer was operated in positive ion and residual gas analysis (RGA) modes. In
RGA mode, the neutral species entering the instrument were charged by electron impact using
an electron gun operated at 70eV and 10mA. In positive ion mode, the ion optics were first
tuned to the peak ion energy at each power for the protonated precursor by acquiring the ion
energy distribution. The positive ion mass spectra were then collected at this peak ion energy
in the range 0—300 m/z. The spectra were corrected for instrument transmission assuming the

peak intensity was proportional to m, as advised by the manufacturer.

Optical Emission spectroscopy (OES)

An Ocean optics HR4000 spectrometer was used to detect the optical emission spectra
generated by the various plasmas tested. Radiation was collected using a collection lens
attached to an optical fibre placed outside of a window in the plasma chamber. Chamber
windows were shielded to exclude ambient light from being detected. Spectra were collected
from 200-1100 nm with a resolution of ~1nm. Spectra were collected using Ocean Optics

Spectra Suit software and were time-averaged over 2secs.

Results

The chemistry of the plasma phase was measured using both OES and MS. It should be noted
that OES probes the bulk of the plasma, while MS probes the species which arrive at surfaces
in contact with the plasma. Therefore signals detected by OES are the result of plasma phase
reactions, and represent the chemistry of the bulk plasma phase. Species measured by MS are
formed in the bulk of the plasma, but may have then undergone multiple surface
interactions/collisions before being detected. MS results therefore characterise the chemistry

of species arriving at surfaces which are responsible for deposition processes.

Optical Emission Spectra (OES) of ETMA plasma



OE Spectra of the ETMA plasma were recorded at applied RF powers of 25 W and 40W at a
gas pressure of 0.06 mbar and are presented in Fig 1. 0.06 mbar was chosen as this is near the
o to y plasma transition which results in increased plasma density for a given power input and

thus maximises the signal to noise ratio®.
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Figure 1 Optical Emission Spectra of ETMA plasma at 0.06 mbar.

As expected, typical carbonaceous species lines following the C> Swan system (A3I1 — X311,
450 nm-600 nm) are clearly present in the visible range.®” The strongest of these are the Swan
band systems at 516.52, 563.55nm, with smaller peaks at 440nm, and a triplet at ~600nm. The
minor peak at 773nm is assigned to emission from CHy. Figure 1 clearly indicates that in
addition to the carbonaceous species lines, there exist peaks at 656.3 and 486.2nm which
become more intense at high power. These correspond to the hydrogen Balmer lines, H,
(n’=3—2, 656.3nm) and Hp (n’=4—2, 486.2nm), indicating the presence of atomic hydrogen
in the plasma phase. Hydrogen molecular lines have much lower intensities due to the high
degree of H; dissociation but radiate quite weakly throughout the entire visible spectrum, but
most intensely around 600 nm.3® Calculating the relative densities of atomic H and molecular
H> from these spectra is fraught, as the cross-sections vary dramatically with electron
temperature®®, however the peaks observed show that both are certainly present in the plasma
phase.

OES H20 plasma
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Figure 2. Optical Emission Spectra of H>O plasma

Figure 2 shows the optical emission spectrum of H>O plasma at 0.03 mbar. The Ho and Hg
peaks at 655.3 and 486nm are again observed, but without the C> Swan series bands observed
for ETMA plasma. Also, the broad background observed for ETMA plasma between 450 and
600nm is not observed which is associated with the formation of molecular hydrogen Ha, and
no peaks associated with molecular oxygen were observed. DO plasma showed the same
series of peaks as the difference between the Ho and D« peaks is ~0.17nm which is below the

resolution of the HR4000, so the Balmer peaks for He and D+ are not resolvable.



Neutral Mass Spectrum of ETMA plasma
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Figure 3. Residual Gas Analysis spectrum of ETMA plasma at 0.06 mbar at 10W

The neutral mass spectrum of ETMA plasma is shown in Figure 3. The peak at 130 m/z
corresponds to the precursor after charging via electron impact. Peaks associated with scission
of C-C and C-O bonds are present, including loss of methyl groups (115 m/z), ethoxy groups
(85 m/z) and the tert-butyl group (57 m/z). Peaks associated with small hydrocarbon species
(C2Hs", 29m/z and CsHs", 41m/z) are also observed. No peaks with mass greater than the
precursor are evident. Thus, electron impacts with neutral molecules give rise to ionic radicals

via bond scission and removal of an electron.

Positive lon Mass Spectrometry
ETMA/H0
Figure 4 shows the positive ion mass spectra of a (1:1) mixture of ETMA mixture with H,O at

a plasma input power of 10W and total pressure of 0.06 mbar.
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Figure 4 Positive ion mass spectrum of ETMA/H20 plasma at 0.06 mbar and 10W

Table 1 Assignment of precursor and fragment mass spectrum peaks for ETMA plasma.

Positive lon Mass | Putative Positive lon Fragment Structure
(m/z)
131 o, O
X\O/\cm
CH;
CH,
103 a, o
OH
" oy,
87 o, o
CH;
CH,4
57 CHy
CH
> CH,




Table 2 Assignment of oligomer mass spectrum peaks for ETMA plasma.

Reactants Positive lon Mass Putative Positive lon Oligomer
(m/z) Structure
129 + 129 + H* 259 a9 0",
o O 245 - methyl + He | a8, 07 T C”Z/\o)\cﬁcm
w5 231 - 2 methyl + 2H 3
o 217 — 3 methyl + 3He
«CH, #™~0 )I\cﬁcz;s
129 + 73 + H* 203 5 OH+

CH; 11

|
189~ mothyl + He | o 2 N0 oh— a0

(0]
CHs 11
~CH, CH;
S, o . 175 — 2 methyl + 2Hs

" 161 — 3 methyl + 3He

|
'CHZ/\O/‘\H

73+ 73+ H' 147 o

I 1
He N0~ CH, — CHZ/\O)\H

0
e N\ ~#CH, N

(6]

|
.CHZ/\O/kH

The spectrum shows a peak corresponding to the protonated precursor molecule [M+H]* at
m/z 131 in agreement with previously reported positive ion mass spectra for other
precursors.3 Additionally, a small peak corresponding to the hydronium ion is measured at
m/z 19.

Other primary peaks at m/z 57, 85, 103, 147, 161, 175, 189, 203, 217, 231, 245 and 259 were
detected in the positive mass spectrum. Peak assignments and proposed structures for these
primary peaks associated with bond scission and recombination are shown in tables 1 and 2.
Besides the primary peaks assigned to bond scission are associated a series of smaller mass
peaks which correspond to loss of hydrogen. These peaks can account for a loss of up to 8
hydrogen atoms from the main ion fragment. Interestingly, the peaks associated with a loss of
an even number of hydrogen atoms are more intense than those corresponding to loss of an odd

number of hydrogen atoms. For instance, the protonated precursor peak was observed at m/z



131 with minor peaks at 129 and 127 m/z. The peaks at 130 and 128 m/z were either very low

in intensity or not observed at all.

ETMA/D-0O

Figure 5 shows the positive ion mass spectrum for a (1:1) mixture of ETMA and D20 at input
power of 10 W and total pressure of 0.06 mbar. The peak at m/z 132 corresponds to the
deuterated precursor molecule [M+D]*. The peak corresponding to the hydronium ion for
ETMA/H,0 plasma appears at m/z 21 and 22, corresponding to HD.O" and D3O" respectively.
The spectrum shows similar peaks which correspond to the peaks for ETMA/H20 but shifted
to higher m/z as H* is replaced with D*. For example, the peak at m/z 103 for ETMA/H.0
corresponding to loss of an ethyl group is shifted to m/z 104 for ETMA/D-0.

Intensity (arbitrary units)

100 110 120 130 140 150
m/z

Figure 5 Positive ion mass spectrum of ETMA/D20 plasma at 0.06 mbar and 10W

Discussion
Hydrogen in the plasma chamber may be in the form of a proton (H*), atomic hydrogen (He)
or covalently bound hydrogen (H). The chemistry of hydrogen in the plasma determines its

stability, charge and mobility, which are all important considerations in how hydrogen interacts
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with other species in the plasma phase. As we will discuss, the chemistry of an individual
hydrogen atom can change many times during its residence time in the plasma chamber due to

interactions in the plasma and thus the roles hydrogen plays are interrelated.

Chemistry of H in the plasma phase

Precursor molecules (ETMA and H20) enter the chamber intact and may undergo ionisation
and fragmentation due to collisions with high energy electrons. RF energy required to initiate
these processes couples with free electrons which are heated, resulting in a distribution of
electron energies in the plasma from low energy electrons (~1ev) up to >10eV, with a typical
average electron energy of 3eV. Electrons are capable of causing different reactions with
neutral molecules depending on their energy, including ionisation, dissociation and elastic
scattering reactions. The energy of the collision then may determine the nature of hydrogen in
the plasma phase. From the OES and MS data, there are 3 forms of H in the plasma phase.
(1) As shown by MS in Fig 4, there are many ETMA precursor fragments and oligomers which
retain their hydrocarbon structure, and the peak at 19m/z represents protonated water.
Therefore, H is present in the plasma which is covalently bonded to either ETMA Carbon atoms
or Water Oxygen atoms. A minor amount of covalently bonded H; may also be present as
shown by OES, and this may be either excited or at ground state.

(2) Electron collisions with precursor molecules may result in abstraction of He if the electron
energy is approximately 3-5eV. While these species cannot be detected by MS as they are
uncharged, He can be observed in the plasma by OES which shows characteristic Ho and Hp
peaks. As expected, the density of He increases as the applied power increases and the density
of electrons increases.

(3) Finally, H* exist in the plasma phase as shown by MS which exhibits peaks corresponding
to protonated precursor molecules. H* may be formed by high energy electron collisions,
greater than ~10eV, with atomic hydrogen.*® Note that while individual H* are charged, they
cannot be measured using the Hiden as the instrument sensitivity at small m/z is very low.
Protonated species are however evident at 131 m/z [ETMA + H]* and 19 m/z [H30]".

H which is covalently bonded to Carbon or Oxygen is by definition quite stable in the plasma,

and is generally unreactive unless activated by electron collisions; however He and H* are

thermodynamically unstable and therefore quite reactive.*4?
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Precursor Fragmentation, Protonation and Abstraction of Hydrogen

The positive ion mass spectra of ETMA plasmas show peaks which correspond to homolytic
cleavage of C-C or C-O bonds, and protonation. The formation of these ionic fragments is
summarised in Table 1. Loss of a methyl group (from either the acid or alcohol side of the
precursor) results in a radical with a molecular weight of 115 amu, which after radical
quenching with He and protonation should appear as a peak at 117m/z. This peak is observed
but with only minor intensity compared to the peak at 103 m/z which results from loss of the
ethyl group via scission of the C-O bond. This indicates that the C-C ethyl bond is more stable
than the ester C-O bond in ETMA. This may be due to the ester C-O bond strength being lower
than the C-C,* or due to shielding of the C-C bond from electrons by covalently bound H. It
also suggests that the tert-butyl group remains stable, as degradation of the tert-butyl group
would entail sequential loss of methyl groups which is only observed at low intensity.
Similarly, loss of the intact tert-butyl group would result in a species with molecular weight 73
amu, and a protonated peak at 75 m/z; this peak is observed in Fig 4, but only at very low
intensity. In contrast, the peak at 57 m/z corresponding to scission of the tert-butyl group is
relatively intense. This indicates a higher stability of the tert-butyl ion compared to the ester.
While the ester group can resonance stabilise a proton, the stability of carbonium ions is
significantly increased by attachment to other carbon atoms.**

The spectra also exhibit ionic species larger than the precursor, with primary peaks including
203 and 259 m/z. The 259 m/z peak corresponds to the dimer [2M-H]" and results from the
loss of He from two precursor molecules resulting in the formation of two radicals which
recombine to form a molecule with a weight of 258 amu. This species can then be protonated
to form the 259 m/z peak. Subsequent replacement of methyl groups with He results in peaks
at 245, 231 and 217m/z. Similar radical formation can occur through scission of a C-C bond.
For example, loss of a single He from one precursor (129 amu) and loss of the tert-butyl group
from another (73 amu) results in formation of a 202 amu species after recombination, which is
then protonated to form the 203 m/z peak. Again, replacement of methyl groups with He gives
rise to peaks at 189 and 175m/z. Loss of the tert-butyl group from two precursors followed by
recombination and protonation gives rise to the peak at 147 m/z.

For each of the primary peaks mentioned above, there exists a series of peaks offset by 2 m/z.
Peaks at -1, -3 etc m/z are only observed at very low intensity indicating these species are
unstable compared to the peaks offset by an even m/z.

Source of protonation

12



The positive ion mass spectra of ETMA/H>O plasmas show a protonated precursor peak
[M+H]* at 131m/z, and other protonated species. This is in contrast to the RGA spectra which
show the ionised precursor peak at 130 m/z. This indicates that electron impact and removal
of an electron is not the primary mechanism of ionisation in the plasma phase. The mechanism
for protonation may be due to hydrogen in the form of free protons (H") in the plasma phase,
or proton transfer from species with lower proton affinities. There are two possible sources of
hydrogen being delivered to the plasma chamber; the ETMA precursor and water. As the
partial vapour pressures of water and ETMA are the same in Fig 4 (both 0.03 mbar) the number
of ETMA and water molecules must be equal. Each ETMA molecule has 14 H atoms, while
water has 2. Therefore 7 times as much H is supplied to the chamber from ETMA as from
water. In addition, the bond strength of HO-H is higher than C-H, at 493 kJ/mol and ~420
kJ/mol respectively.*® Thus, when high energy electrons in the plasma collide with precursor
molecules, they are more likely to abstract He from ETMA than water. The bond dissociation
energy of D,0O and H2O remains virtually unchanged,* and so we would expect the same to be
true for ETMA/D20 plasmas; in this case, there would be far more He in the plasma phase than
atomic deuterium (De).

Thus, if free He/D+ was the main source of protonation of the ETMA precursor in the plasma,
in both cases a dominant peak at [M+H]* should be observed, with only a minor peak [M+D]*
for ETMA/D0 plasma. However the mass spectrum for ETMA/D>0 plasma shows a dominant
peak at 132 m/z, corresponding to the deuterated precursor, with a smaller peak at 131 m/z
assigned to the protonated precursor. Therefore the main source of protons must not be free
He.

The formation of hydronium (H3O") is well known in astrophysics and is independent of
temperature above approximately 10K.*® There are a number of reactions in the plasma phase

which lead to hydronium formation, including:

H,0 + Hf > H;0t +H (1a)
H,0* + H, > H;0* + H (1b)
H,0" + H,0 - H;0% + OH (1c)

All of these reactions require multiple collisions (i.e. formation of H,* or H,O™ first) but have
relatively high rate constants in the gas phase.*” Molecule and ion formation is also possible
due to H atoms impacting surfaces,*® however this mechanism is only found to be important at

very low (interstellar) pressures.
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It has previously been postulated that H3O* may be a source of protonation in the plasma phase
by transfer of H* to a neutral molecule, as shown in Equation 2, providing the proton affinity
of the neutral is higher than water®:

H;0" + N - H,0 + NH* (2)

The proton affinity for water is 697 kJ/mol, while acetates are generally in the region of 800-
850 kJ/mol, and thus proton transfer is a likely route for protonation.*%>

The mass spectra for D.O and ETMA/D,0 plasmas show peaks at 21 and 22m/z, corresponding
to HD.O" and D3O, If H30" were replaced by HD,O" and D3O" in equation 2, then we can

write modified equations as below:

D;0" + N- D,0 + ND* (3a)
HD,0" + N-D,0 + NH* (3b)
HD,0" + N-> HDO + ND* (3¢)

Therefore assuming the affinity for H" and D" is similar, if the source of protonation for ETMA
is protonated water, we should observe greater intensity at 132 m/z [M+D]* compared to 131
m/z [M+H]*. This is what is observed, and shows that H* transfer from water is the most likely
route to protonation in the plasma phase. To support this hypothesis, experiments were
performed with (1:2) and (2:1) ratios of ETMA/D>0 in the plasma, and the positive ion mass
spectra of the protonated precursor measured. The results in figure 6 show that increasing the
amount of D20 in the plasma increases the relative abundance of [M+D]*. For the experiments
performed here, water has been deliberately added to the chamber, but it should be noted that
in our experience it is virtually impossible to remove all water from the chamber walls and a

protonated water peak at 19 m/z is always observed.
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Figure 6. Positive ion mass spectra of the protonated precursor in ETMA/D20 plasma at 0.06
mbar and 10W. 2 ETMA : 1 D20 (top) and 1 ETMA : 2 D0 (bottom)

Radical formation, quenching and substitution

As shown in figure 4, a series of daughter peaks for each primary peak were identified in
ETMA/H20 plasma which are offset by -2, -4, -6 amu. For example, the protonated precursor
at m/z 131 is associated with smaller peaks at m/z 129 and 127. With abstraction of a single
He from the protonated ETMA precursor, an ionic radical is formed which is inherently
unstable due to the unpaired electron remaining. Peaks which are offset by -1, -3 amu are very
low in intensity, confirming these species are unstable and present in only very low densities
in the plasma. There are then two reactions which can lead to quenching of this radical and
stabilisation of the protonated species as shown in Scheme 1; combination with another radical

in the plasma phase, or self-quenching by abstraction of another neighbouring He.
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Scheme 1. Mechanisms of abstraction of hydrogen, radical quenching and recombination.

Abstraction of He and formation of a radical centre leads to weakening of neighbouring C-H
bonds.** For example, it has been shown that BC-H bonds are reduced in strength by
approximately 2/3. Therefore, after initial abstraction of He, the probability of neighbouring
He being abstracted by electron collisions is increased. Removal of another He and radical
formation would then enable the two radical centres to quench, forming a new C-C bond, and
a stable ion with a mass reduced by 2 amu. The nature of this bond would depend on the
positions of the carbon atoms in the structure of the ion; if abstraction occurred on the alcohol
side of the ester, it would result in formation of a double bond. If this occurred on the acid side
of ETMA, it would result in the formation of a saturated cyclic prop-alkyl structure. This
process could then be repeated as long as pairs of neighbouring H exist in the ion structure.
Thus, in the context of deposition, the series of daughter peaks results in stable ions which may
deposit by ion impact, but also possibly by radical propagation via a newly formed double
bond.

Alternatively, radical quenching may be the result of combination with other plasma phase
radicals. From the OES and MS results, possible radical species in the plasma phase include
[ETMA-H]e, [ETMA-CzHs]e, (CH3)3Ce, and He. The probability of recombination with each

16



of these species is dependent on several factors including their density in the plasma, mobility
and orientation effects.

In the bulk of plasma only the electrons are heated, while ions neutrals and radicals all remain
close to ambient temperature.>! Therefore the thermal velocity of particles within the bulk of

the plasma is given by equation 3:%

8kT

v= [— 3

mm
where k is Boltzmann’s constant, T is the absolute temperature and m is the mass of the particle.
Assuming that the atoms and molecules in the plasma phase remain at ~300K, the velocities of
some typical radical species in ETMA plasmas can be calculated to be He 2520 m/s, (CH3)3Ce
333 m/s [ETMA-C2Hs] 248 m/s and [ETMA-H]+ 221 m/s. While it is difficult to determine
the relative densities of each of these radical species in the plasma phase, the OES data shows
that He is certainly present and is approximately 7-10 times more mobile than other radical
species. In addition, as He is spherical the unpaired electron is always available despite
orientation, unlike larger radical species, [ETMA-H]e for example. Thus, abstracted He is
likely to be replaced by He from the plasma very quickly, and protonated species returned to
their original m/z. This is supported by the appearance of peaks m/z 245, 231 and 217, the
result of loss of methyl groups from the [2M-H]" dimer. Loss of a methyl group would result
in a loss of mass of 15 amu and formation of a radical. However these peaks are offset by
14amu, showing that the radical is quickly quenched by He, forming a stable ion.

This is also demonstrated by the MS results for ETMA:/D,0 plasmas. In this case, abstracted
He could be replaced by either He or D¢ from the plasma. If abstracted He is replaced by De,
then an increase of 1 amu would be observed. A comparison of the MS of the tert-butyl
carbonium ion and daughter peaks with H,O and D0 in the plasma is given in Fig 7 and shows
the largest ion for ETMA/H20 plasma is the (CH3)3sCH:" species at 59 m/z. For D20 plasma
though, peaks between 59 - 64 m/z are observed, showing that up to 5 of 11 H atoms are
replaced with De. Similar series are observed for other primary peaks in the MS of ETMA/D20
plasma. As was noted above, there is 7 times more He than D¢ in the plasma, so it likely that
most radical quenching is due to simply replacing He, or even D¢ being replaced with He.
Therefore in order to replace 5 H atoms with De probably takes many more
abstraction/substitution reactions. This surprising result shows there is a constant exchange of
H between organic molecules in the gas phase of plasmas which has not been considered

previously.
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Figure 7. Positive ion mass spectra of tert-butyl ion for ETMA/H20 (top) and ETMA/D20

(bottom) plasma.

Implications for depositing organic plasmas

Previously it has been shown that the chemistry of the precursor affects the relative roles of
ionic deposition versus deposition via radical routes'®. For saturated precursors, ions may
account for up to 50% of the deposition, while unsaturated precursors are typically dominated
by radical propagation. What has been less clear is how the chemistry of the precursor changes
once molecules enter the plasma phase; MS results have helped to give a snapshot of plasma
chemistry, but the dynamics of the physico-chemical processes have largely been ignored. The
results and discussion above demonstrate that organic molecules in depositing plasmas
constantly undergo a series of reactions; H* transfer from hydronium, fragmentation via C-C
or C-O bond scission, He abstraction and radical recombination. Hydrogen plays a key role in
many of these processes due to its abundance in the plasma and its relatively high mobility.
Hydrogen is important in activating plasma species by protonation, which are then accelerated
to surfaces immersed in the plasma due to the development of negative surface potentials.>
This increases the flux of ions to the surface by approximately 15 times compared to neutral
species of the same density, and enables them to gain significant Kinetic energy on approach to
the surface. This kinetic energy (typically 10-30eV) is enough to facilitate deposition.
Abstraction of He also activates plasma species by creating radical centres which can react with
other plasma phase radicals or surface radicals.

However He also plays a role in deactivating plasma species by radical quenching. As shown
by the replacement of He with De, this process is very dynamic with H being constantly

exchanged between organic molecules in the plasma, and thus quenching radicals very quickly
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as they are formed. As noted by Peter et al, free He also decreases the deposition rate by
quenching surface radicals, leaving fewer reactive surface sites available for interfacial
covalent bond formation with radical species arriving from the plasma phase.! The role of He
in plasma phase radical quenching was demonstrated by Dilks and Kay,>® who studied plasma
deposition of ethylene and a series of fluoroethylenes. XPS analysis showed that the films
were depleted of F, and that part of the reason for this was many of the plasma species had
increased ratio of H:F compared to the precursor. Therefore when a relatively large (and slow)
F atom was abstracted, it was more likely to be replaced with the highly mobile He. Vasile and
Smolinsky also observed that fluoroethylenes exhibit higher polymerisation in the plasma than
ethylene, which may be explained by the radical species having a shorter lifetime when He is
abundant in the plasma;>* longer lived fluorinated ethylene radicals have increased probabilities
of quenching with other fluorinated ethylene radicals rather than with He.

It has also been observed in the plasma deposition of many organic compounds that H is
depleted in the film. For example, methane is 80 at% H, however plasma deposits of methane
gas are typically ~30 at% H.18 In this case, abstraction of Hs results in H3C+ which can react
with surface radicals in order to deposit. Abstraction of a single He is not enough to explain
the low H content in these films though, and so di- and even tri-radical carbons must be formed
in the plasma phase, which may result in unsaturation when incorporated into the film.
Similarly, Peter et al measured the H content of CoH. plasma deposits well below the
stoichiometry of the precursor at 50 at%.! MS analysis of the positive ions revealed strong
peaks at 50 and 74 m/z corresponding to C4H2" and CeH2" which are severely depleted of H
and contain additional C=C bonds which are induced by the plasma. Indeed, for larger organic
precursors, near edge X-ray absorption fine structure (NEXAFS) has been utilised to measure
unsaturation in films generated from allylamine, propylamine, ethylene and diethylene glycol
dimethyl ether.323*  While some of these precursors contain unsaturated carbon in their
structure (e.g. allylamine and ethylene), methane, propylamine and diethylene glycol dimethyl
ether do not but still exhibit unsaturation when deposited via plasma. In all cases, the level of
unsaturation increased with applied power. The findings here point to unsaturation being due
to plasma phase abstraction of neighbouring He and radical self-quenching, and this
phenomenon would increase as the electron temperature and density are increased with applied
power.

Thus, the chemistry of thin films from polymerising plasmas is linked to the chemistry of the

plasma phase, and hydrogen plays a key role in many of the chemical processes in the plasma.

19



Conclusion

Hydrogen plays multifaceted roles in plasma. The results presented here show that H*
transfer from hydronium is a key mechanism for ionising plasma precursors, and that electron
impacts generally result in bond scission and precursor fragmentation, but are less important
in ionisation. This result is important as even under high vacuum, residual water physisorbed
to the chamber walls becomes the dominant species for determining ionisation processes.
Hydrogen is then important in activating precursor ions and providing them with sufficient
kinetic energy to deposit.

Abstraction of He is also an important process, activating precursor molecules by producing
radicals and liberating He into the plasma. These radical species are inherently unstable and
MS results indicate they are short lived due to radical quenching. One route to stabilising
radicals is via double abstraction of He and self-quenching, resulting in formation of double
bonds. This explains the unsaturation and auto-fluorescence often observed in plasma
polymer films, even when the precursor is saturated. Another route to radical stabilisation is
oligomerisation resulting in species larger than the precursor, but the high mobility and
reactivity of He makes it the dominant species for radical quenching. By adding deuterium to
the plasma, we have demonstrated that He and radical quenching is a far more dynamic
process than previously thought. The result is that hydrogen is continuously being abstracted
and substituted in precursor molecules throughout their residence time in the plasma
chamber. These new insights into the key roles hydrogen plays in organic plasma chemistry
will enable further development of mechanistic deposition models, and facilitate control and

tailoring of plasma deposition processes.
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