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Abstract

A radio-frequency (rf) atmospheric-pressure discharge in He—O, mixture is studied using a
fluid model for its wall fluxes and their dependence on electron and chemical kinetics in the
sheath region. It is shown that ground-state O, O3 and O~ are the dominant wall fluxes of
neutral species, cations and anions, respectively. Detailed analysis of particle transport shows
that wall fluxes are supplied from a boundary layer of 3-300 «m immediately next to an
electrode, a fraction of the thickness of the sheath region. The width of the boundary layer
mirrors the effective excursion distance during lifetime of plasma species, and is a result of
much reduced length scale of particle transport at elevated gas pressures. As a result, plasma
species supplying their wall fluxes are produced locally within the boundary layer and the
chemical composition of the overall wall flux depends critically on spatio-temporal
characteristics of electron temperature and density within the sheath. Wall fluxes of cations
and ions are found to consist of a train of nanosecond pulses, whereas wall fluxes of neutral

species are largely time-invariant.

(Some figures may appear in colour only in the online journal)

1. Introduction

Low-temperature atmospheric-pressure gas discharges, com-
monly known as cold atmospheric-pressure plasmas (CAPs),
have in recent years commanded much interest, due to their
vast array of applications in medicine [1, 2], polymeric mod-
ification [3, 4], gas remediation [5], food hygiene [6-8], pho-
tonics and optics [9-11], and space exploration [12-14], all
unrestricted by a vacuum chamber. While sharing similarities
with their low-pressure counterparts, CAPs offer some unique
physics [15-18], for instance an unusual abundance of ener-
getic electrons (=5¢eV for up to 50% population) when the
electrode gap is below 500 um [19,20]. Significantly, ener-
getic electrons can enable novel chemical reactions critical to
applications that may be inaccessible to low-pressure plasmas.
Yet, many of these novel features have so far been established
in noble gases [17-20] with relatively few exceptions [21-25].
Therefore, it is largely unknown whether unusual characters
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of CAP physics hold true in molecular gases and whether they
may be translated to unlock the considerable potential of CAPs
for practical applications, particularly those that rely on reac-
tion chemistry at or near ambient temperature.

In this paper, physics and chemistry of atmospheric
microplasmas with an electrode gap down to 500 pm is studied
for their influence on wall fluxes of reactive plasma species
in an electronegative gas, O,, diluted in helium. A radio-
frequency (rf) atmospheric-pressure discharge sustained at
13.56 MHz is used here as an example of cold atmospheric
plasmas, since sheath dynamics in rf CAPs [16] are at present
better understood than those of atmospheric dielectric-barrier
discharges at lower frequencies (<100kHz). Recognizing
the current paucity of well-validated diagnostics tools for
atmospheric plasmas, a computational approach is employed
and this is based on a fluid model [26-28] with a full account
of relevant reaction chemistry as selected from global models
[29-32]. The context of this work is intended to include plasma
biosciences in which samples inevitably contain living cells
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and as such temporal characteristics of how plasma species
impact on a sample may become important. With this context,
the main objective of this work is to characterize electron
heating mechanisms of atmospheric rf microplasmas, their role
in sustaining key chemical reactions, their relevance to wall
fluxes of charged and neutral plasma species, and temporal
features of wall fluxes of neutral and charged plasma species.

2. Electron heating at constant power density

Atmospheric-pressure gas discharges have very high colli-
sionality (v > ) [20] and their chemical reactions are as
many as 1000 even in a simple gas such as helium diluted
oxygen [29,30]. As a result, detailed numerical investiga-
tions using current kinetic models require prohibitive compu-
tational resources and are not at present practical. Fluid models
accounting for the spatio-temporal evolution of electron mean
energy have been shown to be a good approximation as sub-
stantiated by comparison with experimental data [16, 33, 34]
and kinetic simulation [20]. These proofs have allowed for an
increasing and now widespread use of fluid models by many
groups [16,33-38] and for their valuable support to experi-
mental studies.

Here the plasma is sustained at 13.56 MHz between
two parallel-plate electrodes with a separation gap of
d = 0.5-3mm, and the electrode width is much larger than
the electrode gap to allow for a one-dimensional model. It
is noted that fluid models may become unreliable with an
electrode gap being comparable to or less than the Debye
length, which is about 100 um for helium CAPs. To this
end, the lower end of the gap size is set nominally at 500 um
although fluid simulation for d = 250 um is attempted with
results (not shown here) consistent with those for d = 0.5-
3mm. The gas temperature is assumed to be 350K. To
compare electron heating in different cases, the dissipated
power density is fixed at 40 W cm 3. Here the choice of oxygen
as the helium-diluting electronegative gas is motivated by an
increasing evidence of oxidation being a key biological effect
in almost all biomedical applications of CAPs [39-41], and
an O,/(He+0O,) ratio at 0.5% is based on an optimal condition
established experimentally for plasma denaturation of surface
proteins [42-43].

Although many fluid models are described in detail in
the literature, it is useful to capture key aspects of the fluid
model used in this investigation. It solves the continuity
equations for 17 particles including electrons, He*, He},
He*, Hej}, the ground-state oxygen atoms (O), excited-state
oxygen atoms (O*), excited oxygen molecules O} (including
singlet oxygen), ozone (Os3), super oxide (O;), which are
known to be important in biology [44], environmental science
[45,46], and surface engineering [4], as well as positive ions
(Of and O}) and other negative ions (O~ and Oj), among
which there are 60 chemical reactions [27]. Selection of
the 17 particles is based on previous global model studies
[29-32], and that of the 60 chemical reactions is from a one-
dimensional fluid simulation [27]. The large collisionality of
atmospheric-pressure plasmas allows us to ignore the inertia of
the particles and the momentum equations are replaced by the
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Figure 1. (a)-(d) Spatio-temporal evolution of electron density
(colour is normalized to its maximum in each figure); and spatial
profile of time-averaged (e) electron density and ( f) electron
temperature for an electrode gap of 0.5, 1, 2 and 3 mm.

drift—diffusion approximation. The electron energy equation
is solved assuming a Maxwellian electron energy distribution.
While this assumption is not strictly correct [20], the agreement
of fluid simulation results with experimental measurement
[16,33-35] does offer a relevant justification. With Poisson’s
equations, the continuity and the electron energy equations
are solved self-consistently. Boundary conditions employed
are detailed in our recent publication [27] and similar to those
used in other fluid models [35-37]. For the electron energy,
the boundary condition of its wall flux is given by [47]

I, n= 3 [Znevf’hTe — &Y Z r,- ni|

where n is the normal vector pointing away from the electrode
surface, and n., T. and v, are, respectively, the density, the
mean energy and the thermal velocity of electrons. I', are
electrode fluxes of cations, whereas the secondary emission
coefficient of electrons and their energy are fixed at y = 0.01
and ¢, = 1eV, respectively.

Previously rf atmospheric-pressure microplasmas have
been shown, in pure helium and at constant current density,
to acquire abundant energetic electrons when their electrode
gap becomes comparable to or less than the sheath thickness
[19,20]. To see whether this holds true with the addition of
an electronegative gas (and its added electron loss channel via
electron attachment) at a constant dissipated power density,
figures 1(a)—(d) show numerically obtained spatio-temporal
profiles of electron density. Itis clear that plasma bulk becomes
diminishing and electrode sheath is severely perturbed when
the electrode gap is reduced to 0.5 mm. For d > 1 mm, spatial
dependence of the sheath region and its thickness remains very
similar, suggesting that the sheath region is largely unperturbed
by the varying width of the plasma bulk. This is consistent
with rf atmospheric microplasmas in pure helium [19]. As the
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Figure 2. (a) Spatial profile of time-averaged dissipated power density and () the ratio of the dissipated power in the sheath region (Py,) to

the total power (P,).

electrode gap decreases, the plasma bulk becomes increasingly
narrower and eventually negligible, meaning that electrons
accelerated in the sheath region would become lost to the
instantaneous anode without much further scope to ionize
atoms or molecules of the background gas. This suggests large
electron temperature (7,) but low electron density (n.), as is
the case for d = 0.5mm in figures 1(e) and (f). Only for
d > 1mm, is the plasma bulk supported with an oscillating
central band of electrons (figures 1(b)—(d)). The peak electron
density is about (15-16) x 10'°cm~ for d = 1-3 mm and is
about 8 folds of that at d = 0.5 mm. For d = 1-3 mm, time-
averaged T, has two identical peaks near the electrodes, each
of ~4.4¢eV, and its minimum of 1.9eV is found at the centre
of the electrode gap. At d = 0.5mm, the spatial profile of
T is similar but with its maximum at 4.8 eV and its minimum
at 4.5 eV, both markedly higher than those at larger electrode
gaps. It is worth noting that in each rf period T;; the sheath
persists for ~0.87;s. This is consistent with observation in
electropositive gases [19].

To see how electron heating may vary with decreasing
electrode gap at a constant total dissipated power density,
figure 2(a) shows the spatial distribution of the time-averaged
dissipated power density. For cases of d > 1 mm, the peak
value of the dissipated power density occurs near the edge of
each of the two time-averaged sheath regions and its profile
within the plasma bulk is largely a plateau. Electric field in the
plasma bulk is known to be much smaller than in the sheath,
and the dissipated power in the plasma bulk is used largely
to maintain the discharge current there [48]. By contrast, the
dissipated power in the sheath is used mainly to accelerate
electrons and to supply new electrons through ionization. At
the constant power density for the entire interelectrode space
and with decreasing electrode gap, proportionally more and
more dissipated power is spent in the sheath for accelerating
electrons. This becomes pronounced for d < 1 mm when the
power dissipated in the sheath region ( Py, ) becomes more than
50% of the total dissipated power (P;) as shown in figure 2(b).
Atd = 0.5 mm, the plasma bulk is no longer fully formed and
the two time-averaged sheath regions start to merge near the
centre of the electrode gap, leading to the peak power density
appearing at the gap centre (figure 2(a)).

For all electrode gaps considered, the decrease in the
dissipated power density towards the electrode is caused by
wall loss of electrons (figure 2(a)). The highest of the peak

power density is found for the case of d = 0.5 mm, suggesting
efficient electron heating. This is consistent with larger 7 at
d = 0.5mm (figure 1( f)). Electron density and temperature in
figure 1 and the partition of the dissipated power in the sheath
and bulk regions in figure 2 combine to illustrate clearly the
increasing dominance of electron heating in the sheath region
with decreasing electrode gap at constant dissipated power
density.

For a given atmospheric-pressure gas discharge, the
electron density is often correlated with the dissipated power
density and as such the dissipated power density is sometimes
used as a rough and convenient indicator for application
efficiency. Indeed for rf atmospheric plasmas in electropositive
gases [19] and electronegative gases (this work), the time-
averaged electron density appears to follow approximately a
very similar spatial profile (figure 1(e)) to that of the dissipated
power density (figure 2(a)) for d > 1 mm. This suggests a
similar application efficiency for all cases of d = 1-3 mm.
For microplasmas when d < 1mm, however, whether the
application efficiency may remain the same becomes much
less clear since the electron temperature is now higher but the
electron density is lower as shown in figure 1. A further but
more important source of uncertainty stems from the fact thata
sample placed in contact with plasma is likely to have a sheath
formed above its surface. The strong electric field in the sheath
can in principle form an electrostatic barrier to incoming fluxes
of plasma species to the sample, even if there may be plenty of
relevant plasma species available in the plasma bulk. In other
words, the fluxes of plasma species arriving at the sample do
not necessarily correlate with their densities in the plasma bulk.
It has been known that electrons are significantly trapped in the
plasma bulk by the fast oscillating rf field [49]. It is therefore
logical to question whether reactive plasma species generated
by trapped electrons are also confined spatially. Conversely, it
is relevant to question what supplies the fluxes at the sample, as
electron trapping is increasingly compromised by a shrinking
plasma bulk (by decreasing electrode gap). It is clear that
plasma species experienced by the sample need to be studied
in relation to physics and chemistry in the sheath region.

3. Wall fluxes of key plasma species

Since a sheath forms above an electrode or a sample inserted
into the plasma, fluxes arriving at one electrode may be used
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Figure 3. Electrode-gap dependence of time-averaged electrode fluxes of (a) neutral plasma species and (b) electron and other charged

particles.

as fluxes arriving at the inserted sample. To this end, wall
flux is used here as a general term and is interchangeable in
its use with the term of electrode flux. In figure 3, electrode
fluxes of neutral and charged particles are shown as a function
of the electrode gap. For neutral species, it is evident from
figure 3(a) that ground-state oxygen atoms have the largest flux
atT'o = (1 -1.5) x 10" ecm™2 57!, followed by excited oxygen
molecules (I'o/ Fos ~ 1.8-2.0) and ozone (I'o/ T'o, ~ 2.5—
9.0). By contrast, the flux of excited oxygen atoms is more than
four orders of magnitude below that of O (I'g/ "o+ ~ 17 000—
50000). Fluxes of O, O3 and Os follow a similar dependence
on the electrode gap with an initial marked increase from
d = 0.5mm to 1 mm. On the other hand, however, the O*
flux decreases monotonically with increasing electrode gap.
In the bulk plasma, the flux of a plasma species is given
by I't = ngvi/4 with n; and v, being its concentration
and its transport velocity, respectively. Therefore, it is of
interest to compare the flux ratios of O, O*, O} and O3
with their concentration ratios. Our simulation indicates that
concentrations of these neutral species change little with time
(data not shown). They reach their peak concentrations in
the bulk plasma, from which they decrease monotonically
and significantly to the nearest electrode. In other words,
the minimum concentration is always found at the electrode.
For any given electrode gap, the ratio of the minimum to the
maximum concentrations is found to be 7y /7max (0O) = 0.1—
0.2, nmin/Nmax (03) = 0.13-0.40, and 1 pin /7max (03) = 0.18—
0.33, with ny.x and ny, being within the same order of
magnitude. More relevantly, relative minimum concentrations
of OF and O3 to O are found to be comparable to the
corresponding relative maximum and the space-averaged
concentrations. This indicates a numerical correlation between
species concentrations at the electrode to their values elsewhere
in the electrode gap. For all electrode gaps, the space-averaged
concentration of ground-state oxygen atoms is found to be
no = (2=7) x 108 cm™3. Tts ratios to the concentrations
of O; and O3 are no/no; ~ 1.9-2.3 and no/no, ~ 3-
7.4, very similar to their corresponding flux ratios. This
close correlation suggests that O, O3 and Os generated in

the plasma are transported to an electrode with very similar
transportation losses. The relative magnitudes of electrode
fluxes are therefore a faithful reflection of their space-averaged
concentrations.

By contrast, space-averaged no/no- is found to be 1770—
5050, about one order of magnitude below I'g/T'o«. This
means that the conversion of the O* flux at the electrode from
its concentration in the bulk plasma is reduced by a factor
of ~10 compared with the concentration-flux conversion of
the ground-state oxygen atoms. In other words, O* suffers
much greater loss in its transport to an electrode than all the
other three reactive neutral species. The ratio of the minimum
to maximum O* concentrations is found to be 0.039, 0.009,
0.009, 0.009 for d = 0.5, 1, 2, 3 mm, respectively. Clearly,
the nmin/Pmax (O*) ratio is not only much smaller than those
for any other neutral species but also varies significantly with
the electrode gap. This suggests that the space-averaged O*
concentration is not directly correlated with its wall flux.

It is important to recognize that only plasma species with
adequate lifetimes could reach the electrode from the plasma
region and hence contribute to their wall fluxes. Effective
lifetimes of all four neutral oxygen species are found to be
To = 1.1ms, 7o; = 1.25ms, 70, = 1.0ms and 7o+ = 0.5 us
estimated from relevant rate coefficients [27] similar to that
used previously [S51]. Compared with one rf period (T =
74 ns), the lifetimes of O, O} and O; are of the order of 13 500—
17000 rf cycles. This is consistent with simulation results
that their concentrations are in fact time invariant, suggesting
that once produced they remain fully engaged in underlying
chemical reactions. In the case of O*, to- = 6.7T;¢ is much
smaller. This results in small but noticeable variation in the
spatial profile of its concentration (data not shown).

To see their influence on wall fluxes, lifetimes of neutral
species are used to estimate the excursion distance during
lifetime (EDL) using L = /Dt where D is the diffusion
coefficient and 7t is the effective lifetime. At 760 Torr
and 350K, diffusion coefficients of O/O*, O3 and O3 in
helium are estimated to be 0.737 cm?s~!, 0.644cm2s~! and
0.498 cm?s~!, respectively, from the literature data [51-53].
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It is found that their EDL are Lo = 285 um, Lo; = 284 pum,
Lo, =223 pm and Lo~ = 6 um. Our simulation data suggest
the cathode sheath thickness is dg, = 472—489 um (increasing
with d), meaning that the EDL of O, O} and O3 are about
46—60% of the sheath thickness and Lo+ /dy, is only 1.2%.
Wall flux of any plasma species is supplied by its generation
largely within its EDL from the wall, and the resulting loss
of its concentration (in supplying the wall flux) needs to
be replenished from its generation outside the EDL. For O,
O} and O3, the time invariance in their concentrations and
their EDL being a significant fraction of the sheath thickness
combine to suggest that their wall losses are likely to be
fully replenished. This may be responsible for the close
correlation observed between the ratios of their wall fluxes
(e.g. o/ I'oy) to those of their space-averaged concentrations
(e.g. no/nox). For excited oxygen atoms, their EDL of only
6 wm suggests that their replenishment is effective only locally
over a very short distance. This difficulty is compounded
further by a poor supply of available O* atoms near an electrode
where the O* concentration is 2—3 orders of magnitude lower
than its value in the plasma bulk. In other words, a highly
localized replenishment for the wall loss of O* and its very low
concentration near the wall are the main reasons why o /no=
is much smaller than those of O, O} and Os.

To see clearly the electrode-gap dependence of all four
neutral oxygen species, their electrode fluxes are normalized to
their own maximum and plotted in figure 4 with the normalized
dissipated power density in the sheath region, pg,. The
maximum pg, is 37 W cm ™ atd = 0.5 mm. The peak wall flux
is found in figure 4(a) at d = 1 mm for O and O}, whereas the
peak wall flux occurs at d = 0.5 mm for O* and at d = 3 mm
for O3. The dominant generation pathway of O* ise + Oy —
O('D) +O+e for which the electron energy threshold is 8.6 e V.
For its wall flux, the electrons involved in the generation of O*
are within its EDL (~6 um) in which T, changes markedly but
n. remains largely unchanged. These considerations suggest
a heightened reliance on energetic electrons. Atd = 0.5 mm,
the electron temperature is the highest and the availability of
more energetic electrons is largely responsible for the larger

O* flux at d < 1 mm (figure 4(a)). With increasing electrode
gap, the space-averaged electron temperature (figure 1(f)) and
the dissipated power density in the sheath decrease with little
change in n, within ~6 yum (EDL of O*) from the wall, leading
to a deduction in I'o+. Interestingly, pg, follows a very similar
electrode-gap dependence to that of the O* wall flux.

For the generation of O, O} and O3, both electron density
and electron temperature are important. O is generated mainly
through e + O, — 20 +e (with an electron energy threshold of
5.58eV)ande+0, — O('D)+0O+e, the latter having a larger
reaction rate but a higher electron energy threshold. Different
from O*, the EDL of O is much larger at 285 um and within
285 um from an electrode the increase in n. is much greater
than the reduction in 7, as the electrode gap increases from
d = 0.5mmto 1 mm. Asaresult, the concentration of O and its
wall flux increase. As the gap increases above 1 mm, electron
density within the EDL of O decreases slightly (figure 1(e)) and
electron temperature undergoes a gradual decay (figure 1( f)).
These are responsible for the gradual decay of the O flux
in figure 4(a). For O} on the other hand, its generation is
largely through e + O, — Os(a 1Ag) +eand e + 0, —
0,(b'! Z;’) +e, requiring low electron energy of 0.977 eV and
1.627 eV, respectively. These threshold electron energies are
much lower than that for O, hence their generation and their
wall fluxes rely more on the electron density, particularly with
O and O} having similar EDL. It is therefore not surprising
that the O flux and the O flux share similar dependences on
the electrode gap. For d = 1-3 mm, the gradual reduction of
O and Oj fluxes is consistent with the decrease in n. within
284-285 pum (their EDL) from the electrode and with a slight
decrease in the electron flux (figure 4(b)).

Ozone production is through O + O, + He — O3 +
He predominantly, thus relying on the O concentration and
hence sharing the dependence of O on electron density and
temperature. Therefore, the O; wall flux increases from
d = 0.5mmto 1 mm. Ford > 1 mm, the ozone flux continues
to increase. This can be explained by two O3 loss channels
of O; + 02([7 1 Z;) — 20, + O and O3 + Oz(b1 Z;) —
02(a 'Ag)+0,+0. As O} decreases with increasing electrode
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gap for d > 1 mm, O3 loss becomes smaller as the electrode
gap increases from d = lmm. As a result, the O3 flux
increases from d = 1 mm to 3 mm.

For charged particles, figure 3(b) suggests that electrode
fluxes of electrons and positive ions (i.e. O} and O}) are
much greater than fluxes of negative ions. It has been shown
in our previous study that the ambipolar field traps ions in
rf atmospheric plasmas, leading to a central electronegative
core and two electropositive edges [28]. Therefore, cation
concentrations are much larger than anion concentrations in
the sheath region. Flux ratios of cations (i.e. To:/Toy) and
anions (e.g. 'o- / I'o; ) are found to correlate numerically with
their corresponding concentration ratios (e.g. no3/no; and
no-/ng;) in the sheath region but not those averaged over
the entire electrode gap. To understand this, the drift distance
of ions is estimated using ion mobility data in [27] over a short
period during which ion fluxes persist before the electric field
reverses its direction of polarity. For cations, they are driven
by a strong electric field near the instantaneous cathode and
their fluxes persist for ~0.87¢ (figures 1(a)—(d)), suggesting
long drift distances. Using the time- and space-averaged
sheath electric field [48], the drift distance is estimated to
be Loy = 76-89 um and Loy = 57-67 um with larger drift
distance occurring at smaller electrode gap. It is clear that
the drift distances of both cations are shorter than the sheath
thickness. Similar to O, O} and Os, the large drift distances
of Loy and Lo; imply that the loss in their concentrations in
supplying their wall flux near the instantaneous cathode is
likely to be adequately replenished. This is consistent with
the numerical correlation between To;/Toy and nos/noj-

For anions, their fluxes are driven to the instantaneous
anode by a rather weak electric field in the anode sheath and
their fluxes last for ~0.27;¢ (figures 1(a)—(d)). The thickness
of the anode sheath is found to be 77-90 um for d = 1-
3 mm, whereas the anode sheath is not fully formed for the
d = 0.5mm case. For d > 1 mm, the thickness of the anode
sheath is 16-20% of that of the cathode sheath, consistent with
the literature data [54]. Using the space-averaged rms electric
field in the plasma bulk to approximate the anode electric field,
the drift distances of anions are found to be Lo- = 4.2—
48um, Lo, = 3.4-4.0um and Lo; = 3.0-3.6 um with
larger drift distance found at smaller electrode gap. Clearly
these are markedly smaller than the anode sheath thickness,
suggesting a compromised facility to replenish species losses
in the anode sheath. Noting that anion concentrations are low
near electrodes, this suggests that anion wall fluxes are much
lower than cation wall fluxes as confirmed in figure 3(b). It
should be mentioned that ion drift distances are estimated with
approximated electric field near the electrodes. However the
general picture remains true in that cations have significantly
longer drift distances and more abundant supply to their wall
fluxes than anions.

Relative levels of ion fluxes may be understood from key
chemical reactions. For cations, generation of O} is mainly
through electron impactionization (e+0, — O3 +2e), whereas
that of O} is via charge transfer from O3(O} + 20, — O} +
0,; 03 + O + He — O} + He). Therefore, the concentration
and electrode flux of O} are expected to be higher than those of

07, as confirmed in figure 3(b). As O} production depends on
electrons, it is not surprising that the electrode-gap dependence
of its flux is very similar to the electron flux in figure 4(b). O}
production is directly dependent on O, and He, which do not
vary spatially, and its dependence on electrons is indirect via
O}. As aresult, the electrode-gap dependence of the O} flux
is rather weak as shown in figure 4(b).

For all anions, their electrode fluxes have very similar
dependences on the electrode gap. Generation of O~ is mainly
via electron impact ionization of e + O, — O~ + O and
e+03 — O7+0,, so both electron temperature and density are
important. Within Lo- (=4.2—4.8 um) from the instantaneous
anode, the rate coefficient of O~ generation is found to be
go- ~ 2.5 x 107" ecm®s~!. On the other hand, generation
of O; is dominated by O; + O — O; + O, in the bulk
but by e + O, + He — O, + He (with a rate of go, =
103" em®s~! [27]) in the anode sheath where no; K e
It can be shown that nof/noz— = gof/(gOZ—nHe) ~ 10 near the
instantaneous anode. This is notdissimilarto I'o- / T'o; = 20—
25 obtained from figure 3(b). Similarly for O3 generation, it
is mainly via O~ + O, + M — O5 + M with a reaction rate
of go; = 1.1 x 10739(7,/300)~" [27]. It can be shown that
"O;/”O; = (gogne)/(go;no—) ~ 10, which correlates well
with T, / oy = 7-8 in figure 3(b).

From the above discussions, it is clear that both neutral
and charged oxygen species contribute to their electrode fluxes
only from a narrow space immediately next to an electrode.
Essentially an effective excursion distance during lifetime, this
narrow space characterizes the length scale over which plasma
species can be effectively transported to sustain their wall
fluxes and also over which the reduction in their concentrations
due to wall loss must be adequately replenished. The EDL is a
few tens of micrometres for O* and anions, and a few hundred
micrometres for O, O}, Os; and cations. Numerically, it is
always shorter than the thickness of the sheath region. This
suggests that wall fluxes of plasma species are in general locally
supplied and sustained from a boundary layer and therefore
their characteristics depend on physics and chemistry in the
boundary layer within the sheath region (either the cathode
sheath or the anode sheath [55-57]). For long-living neutral
species such as O, O3 and Os, the time invariance of their
concentration allows for their wall fluxes to be correlated
numerically with their concentrations averaged over the entire
electrode-gap distance. This global correlation is numerical
and an exception to the underlying physics that wall flux
phenomena are essentially local. One obvious implication is
that CAP source design and process optimization using space-
averaged particle concentrations should be approached with
caution.

4. Temporal characteristics of electrode fluxes

For non-living materials, temporal features of plasma treatment
process are of interest usually only in terms of the total
treatment as a measure of plasma dose. For materials
containing living cells and tissues, the sequence of different
plasma species arriving at a sample may be important.
Although global and macroscopic response of a cell or a
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Figure 5. Temporal evolution of electrode fluxes of (a) electrons, (b)—(d) anions, and (e)—(f) cations at different electrode gaps and

40Wcem™3.

bacterium may be in a timescale longer than the total plasma
treatment time, for example plasma-mediated apoptosis may
become apparent many tens of hours after plasma treatment
[58], it is known that microscopic dynamics, such as covalent
bond breaking of polymeric materials of a cell and their
recombination and reformation, may take place at a picosecond
scale [25]. To this end, temporal characteristics of electrode
fluxes are studied.

Figure 5 shows that electrode fluxes of charged particles
have a pulse-like form with the anion and electron pulses.
There is one pulse every rf period for any type of
charged particle. For cations, their movement towards the
instantaneous cathode is driven by the sheath electric field
and therefore their pulse is formed during the formation of
the sheath above the instantaneous cathode. As the cathode
sheath is collapsing and the electrode is evolving to become an
instantaneous anode, electrons and anions start to move to the
electrode. In other words, the pulses of electrons and negative
ions are formed after an electrode becomes an instantaneous
anode following the collapsing of the cathode sheath in the
previous half rf cycle. Electron fluxes are larger than cation
fluxes in magnitude but narrower in pulse width, exhibiting
a distinct temporal asymmetry. Electron pulses are ~0.2T;¢
in pulsewidth and cation pulses have a wider pulsewidth of
~0.8T;¢+. This asymmetry is a result of cation fluxes being
driven by a strong sheath electric field lasting for ~0.87;; and
electron fluxes being in a weak anode electric field over a short
duration of ~0.27}¢ (figures 1(a)—(d)). Due to confinement by

the ambipolar field [27], anions are confined in the core of the
plasma and this is why anion fluxes are more than 4 orders of
magnitude below the wall flux of electrons. Some anions are
able to reach the instantaneous anode, as observed with mass
spectrometry for an rf atmospheric He + H,O plasma [60].

It is evident from figure 5 that with increasing electrode
gap the instant of the maximum instantaneous electron flux is
delayed progressively. This is because the sheath thickness
increases with increasing electrode-gap size and therefore a
longer time is needed for electrons in the sheath to reach the
instantaneous anode. For d > 1 mm, the pulse width of ions
changes little. For neutral species, fluxes of O, O3 and O3
vary very little with time and the variation of the O* flux is
at most 10% within one rf period. Taking together the above
discussions, a sample treated by an rf atmospheric He + O,
plasma is likely to experience a largely time-invariant flux of
neutral oxygen species and two alternating pulses of cation and
electrons/anion fluxes with asymmetric pulse characteristics.
These temporal features are intriguing, even though it is
probably premature to speculate on their implications for
applications.

All results presented above are at a constant power
density of 40 Wcm™>. While similar phenomena to those
in figures 1-5 should prevail at different levels of dissipated
power density, it is of interest to examine whether 40 W cm 3
falls within the normal range of operation of rf atmospheric
plasmas. It is known that rf atmospheric-pressure discharges
tend to become susceptible to plasma instabilities in the
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so-called y mode at large current densities or large power
densities [60,61]. To see whether the results presented may
be achieved in the low-current & mode without significant risk
of plasma instabilities, the dissipated power density at the o—
y mode transition point is computed with the corresponding
electron wall flux. Figure 6 shows that the power density at the
a—y mode is clearly higher than 40 W cm™ at any electrode
gap. This suggests that the achievable level of wall fluxes
without much risk of plasma instabilities is higher than those
predicted in figure 3. In particular, the use of smaller electrode
gaps can increase the electron flux to 4.5 x 10’ cm™2 s~! from
1.6 x 10'9cm™2s~!, a factor of 2.8. It should be mentioned
that significant further increase is feasible as instabilities
of rf atmospheric-pressure plasmas in their y mode can be
mitigated effectively with the use of dielectric barriers to their
electrodes [26], higher excitation frequency [62] and pulse
modulation [63].

5. Concluding remarks

This study of rf atmospheric-pressure plasmas in an
electronegative gas shows that wall fluxes of key plasma
species are controlled locally by physics and chemistry in a
boundary layer of a few to a few hundred micrometres next
to an electrode, significantly shorter than the length scale
of the relevant electrode sheath (i.e. the cathode sheath for
neutral species and cations and the anode sheath for anions).
In the cathode sheath, electron temperature and density are
very different in value to those in the bulk plasma. Their
spatial profiles also change drastically over the length scale
of the boundary layer and over a characteristic timescale (e.g.
lifetime in the case of neutral species). These two aspects
highlight a general lack of direct correlation of wall fluxes
to corresponding species concentrations either in the plasma
bulk or space-averaged. This becomes pronounced when the
electrode-gap size is reduced to, or even below, the thickness
of the cathode sheath. A further factor that contributes to the
detachment of wall fluxes from global particle transport is the
confinement of negative ions by the ambipolar field and their
weak acceleration in the anode sheath, both contributing to

their concentrations being a much smaller fraction of their
values in the plasma bulk than other plasma species. There
are exceptions to the above general rule, however, in the
case of long-living neutral species (e.g. O, O3 and O3) whose
concentrations are time-invariant over the entire interelectrode
space. This time invariance establishes a fixed correlation of
their concentrations near an electrode to those at any other
location within the electrode gap, thus enabling a numerical,
but not physical, correlation to wall fluxes.

In terms of plasma physics, the boundary layer from which
to supply wall fluxes stems from effective excursion distance
during lifetime (EDL) of plasma species. The numerical
value of EDL is strongly affected by diffusion coefficients of
neutral species and mobility constants of ions, both scaling
inversely with gas pressure [51-53,64]. Atan elevated pressure
including atmospheric pressure, diffusion coefficients and
ion mobility constants are much smaller than their values
at reduced gas pressure (e.g. millitorr). This suggests that
the local reliance of wall fluxes on sheath dynamics in
atmospheric-pressure plasmas is a result of much reduced
length scale of particle transport at elevated gas pressures,
distinctively different from low-pressure discharges whose
wall fluxes are likely to be linked to more global particle
transport. As the gas pressure increases from millitorrs to
atmospheric pressure, particle transport from the plasma bulk
to an electrode becomes increasingly ineffective. Eventually,
the length scale of particle transport reduces to a fraction of that
of an electrode sheath and wall fluxes are now controlled by
physics and chemistry in a boundary layer with the electrode
sheath. From the standpoint of plasma source design for
practical applications, the above conclusion proposes for a
greater focus on phenomena on the plasma—sample interface
than those in the plasma bulk. This poses a challenge on
diagnostics and their access to the boundary layer, as well
as highlighting the importance of the material properties
and geographical feature of the wall. It is worth noting
that the importance of boundary layer in low-temperature
atmospheric plasmas has been reported in their effects on
self-organization [65], surface modification of diamond and
textile materials [66, 67] and plasma actuation [68]. It should
also be mentioned that boundary-layer physics in near room-
temperature atmospheric plasmas is very different from that in
atmospheric-pressure arcs [69].

For the rf atmospheric He—O, plasma studied here, all
charged species reach their peak wall fluxes atd = 0.5 mm and
neutral species reach theirs at d = 1 mm (for O and O%), d =
0.5 mm (O*) and d = 3 mm (O3). Depending on applications,
an atmospheric plasma source may be designed to deliver
selectively specific plasma species to a sample. Figure 4
indicates a general preference to small electrode gaps (hence
to microplasmas) over which the dissipated electric power can
be used more directly and more effectively (figure 2(b)) to
influence the physics and chemistry in the boundary layer.
Possible weak supply of plasma species due to small volume
of microplasmas [17] may be compensated using plasma jets
[70—74] and also arrays of plasma jets [75]. Unlike the spatially
diffuse rf atmospheric plasma studied here, plasma jets and
plasma-supported streamers [25] have a width scale no more
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than a few millimetres with a much higher electron density and
a narrower sheath (~ a couple of pm in thickness). Although
the latter becomes comparable to EDL, the general conclusion
should still be true in that electron dynamics and reaction
chemistry in the boundary layer are critical for wall fluxes
of reactive species.

Considering wall fluxes as a measure of plasma dose, a
sample is likely to experience time-invariant dose of neutral
species and a string of dose bursts of charged species.
Timescales of charged particle bursts are 15 ns for anions and
60ns for cations in the case of the rf atmospheric-pressure
plasmas studied here. For polymeric materials including
cell membranes and surface proteins, it is unknown whether
periodic impact of such nanosecond bursts of charged species
may preferentially select some microscopic events involved
in, for example, covalent bond modification. However, results
presented here offer possibilities to explore some intriguing
aspects of plasma—material interactions. Indeed, plasma
interaction with either abiotic or biotic walls, a currently
largely uncharted area in the field of low-temperature plasmas,
is likely to need a great deal more in-depth investigations.
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