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Abstract

The recombination of O (°P) atoms on the surface of a Pyrex tube containing a DC glow discharge in pure
O, was studied over a wide range of pressure (0.2-10 Torr) and discharge current (10-40 mA) for two
fixed surface temperatures (+50°C and +5°C). The recombination probability, y, was deduced from the
observed atom loss rate (dominated by surface recombination) determined by time-resolved optical
emission actinometry in partially-modulated (amplitude ~15-17%) discharges. The value of y increased
with discharge current at all pressures studied. As a function of pressure it passes through a minimum at
~0.75 Torr. At pressures above this minimum y is well-correlated with the gas temperature, T,
(determined from the rotational structure of the O, (b'%,",v=0) — 02(X329',v=0) emission spectrum)
which increases with pressure and current. The temperature of the atoms incident at the surface was
deduced from a model, calibrated by measurements of the spatially-averaged gas temperature and
validated by radial temperature profile measurements. The value of y follows an Arrhenius law depending
on the incident atom temperature, with an activation energy in the range 0.13-0.16 eV. At the higher
surface temperature the activation energy is the same, but the pre-exponential factor is smaller. Under
conditions where the O flux to the surface is low y falls below this Arrhenius law. These results are well
explained by an Eley-Rideal (ER) mechanism with incident O atoms recombining with both chemisorbed
and more weakly bonded physisorbed atoms on the surface, with the kinetic energy of the incident atoms
providing the energy to overcome the activation energy barrier. A phenomenological Eley-Rideal model
is proposed that explains both the decrease in recombination probability with surface temperature as well
as the deviations from the Arrhenius law when the O flux is low. At pressures below 0.75 Torr y increases
significantly, and also increases strongly with the discharge current. We attribute this effect to incident
ions and fast neutrals arriving with sufficient energy to clean or chemically modify the surface, generating
new adsorption sites. Discharge modeling confirms that at pressures below ~0.3 Torr a noticeable fraction
of the ions arriving at the surface have adequate kinetic energy to break surface chemical bonds (> 3-5
eV).
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1. Introduction
Oxygen gas is widely used in many plasma processing applications, and oxygen atoms are one of the key
reactive species present in them, leading to recurrent interest in O atom kinetics over a range of different
discharge conditions. In low-pressure pure oxygen plasmas these atoms are principally created by
electron impact dissociation of O,, and predominantly lost by surface recombination; therefore these two
processes define the atom density in the plasma volume [1-12]. The surface recombination of O atoms has
been previously studied on a range of different materials, including dielectrics, semiconductors and
metals [1-12]. In the majority of cases only the global O atom loss probability was measured. However,
the values reported often vary widely even for the same material and under apparently similar conditions.
Several studies have investigated the dependence on surface temperature, allowing the activation energy
to be estimated [1,4,5,7,8,9,11]; however, the effect of gas temperature, which may not be in equilibrium
with the surface temperature, has been ignored up to now. No universal model to describe all these data
has been formulated to date. Both the chemical composition and the structure of the surface can have a
large effect on the reaction rate. Even small surface modifications, arising from details of the material
fabrication or processing, adsorption of reactive species, as well as contamination, can lead to irreversible
changes in the surface reaction sites and therefore the atom loss probability.

Despite the wide variety of experimental conditions, a commonly-accepted view of the atom
recombination processes has emerged. Atom surface recombination is generally understood to occur via
two mechanisms, depending on whether the recombination probability depends on the atom concentration



to first order (Eley-Rideal mechanism) or second order (Langmuir-Hinshelwood mechanism)
[1,3,5,8,9,13-16]. In the Eley-Rideal (ER) mechanism, an atom arriving at the surface directly recombines
with an absorbed (either chemisorbed or physisorbed) atom. In the case of physisorbed atoms the surface
plays an analogous role to the third body in volume three-body recombination processes [17-23]. In
contrast, in the Langmuir-Hinshelwood (LH) mechanism, physisorbed atoms diffuse long distances
across the surface before recombining with a chemisorbed atom (and also with physisorbed atoms if their
surface density is high enough). The LH mechanism becomes dominant at lower temperatures (below ~
250 K [1,8,15,19,20]), where the rate of desorption of physisorbed atoms is slow, leading to long average
surface diffusion lengths. At temperatures above room-temperature the ER mechanism is generally
dominant.

It might be expected that the atom surface loss probability would be almost constant for a given
material and surface temperature. However, plasma-exposed surfaces are exposed to fluxes of energetic
particles, including photons, ions accelerated across the sheath (to several eV or more), and even fast
neutrals created from ions by charge-exchange reactions. These species can have sufficient energy to
break the bonds on the surface, and potentially influence the atom recombination. Processes occurring
inside the plasma (gas heating and chemical reactions) can also affect the energy distribution of atoms
arriving at the surface. However, the effect of the kinetic energy of atoms arriving at the surface on their
recombination probability has not been considered previously.

This paper is devoted to the study of the recombination of O atoms on a Pyrex surface in an O,
plasma. The experiments were carried out in DC discharge in a long Pyrex tube. A wide range of plasma
conditions (current, pressure and surface temperature) were studied, allowing the effects of different
factors (wall temperature, gas temperature, the atom flux to the walls, and ion flux and energy) to be
investigated. The paper is organized as follows. The experimental details are described in Section 2. The
discharge model used to obtain the radial gas temperature profile is presented in Section 3. Section 4
presents the technique used to measure the O atom loss frequency. Section 5 presents the experimental
results with a discussion. A model of the Eley-Rideal recombination process is presented in Section 6.
The results at pressures below 0.75 Torr are presented in section 7.

2. Experimental setup and data analysis

2.1. Discharge tube

The experimental setup is shown in figure 1. A DC glow discharge in O, (with the addition of 5%
Ar for the actinometry measurements) was ignited in a Pyrex tube of 20 mm inner diameter and 560mm
length. The tube surface is kept at a constant temperature by a water/ethanol mixture flowing through an
outer envelope and connected to a thermostatic bath. The temperature drop across the Pyrex tube wall was
considered to be negligible (assuming a linear power loading of P=1 W/cm, a thermal conductivity of
0.0136 W/(cm-K) and a thickness of 0.2 cm, the temperature drop across the tube wall will be less than 2
K). The distance between the hollow cathode electrodes (in side-arms) is ~500 mm. The anode is
connected to a positive polarity high-voltage power supply via a non-inductive 68 kQ ballast resistor, and
the cathode is connected to ground via a non-inductive 15 kQ resistor. The gas flow rate was kept low (3
scem for pressures < 1 Torr and 10 sccm for pressure > 1 Torr) so as to ensure that the gas residence time
(>1 second) is longer than the lifetime of all active species in discharge, notably O (°P) atoms and
metastable Oz(alAg) molecules. The leak rate of air into the system was less than ~0.015 sccm,
corresponding to less than 0.4% N, in the mixture in the worst case. Such a nitrogen concentration is not
expected to have any noticeable effect on the O atom kinetics, either in the gas phase or on the surface. In
this way a uniform plasma column is created with constant gas composition and plasma parameters
between the electrodes. Nevertheless, heating of the gas by the discharge creates a significant radial
gradient in gas temperature (see below), resulting in a radial gradient in gas density. However, since the
O(P) surface loss probability is small, and assuming gas phase recombination to be negligible, the O(°P)
molar fraction will be constant across the radius, allowing the loss probability to be estimated from the
pulsed kinetic measurements with no need to correct for a diffusion gradient.

For the kinetic measurements the discharge current was partially modulated by short-circuiting
(using a MOSFET transistor) the 15 kQ resistor ballast resistor connecting the cathode to ground. This
results in square-wave modulation of the current with an amplitude of ~15-17% (varying slightly due to
variation of the plasma resistance). A period of 292 ms with a 50% duty circle was used in all
measurements.



Modulation

scheme

A

Rear

H.V. (< 7.5 kV, <50mA)

Spectrometer || PMT ———
15kOhm / —— | I]
ﬁ Front T
anode cathode window s !
l diaphragm 12
ﬂw o ﬁ
mirror
lens
2-nd probe t <— --_Li__. N
L1+2>2.5m

window ‘ D 1-st probe

Pump

Cooling alcohol to control wall
temperature (+5C or +50C)

Figure 1. Experimental setup.

2.2. Electric field measurement
The use of actinometry to follow the temporal behavior of the atom density during current modulation is
only valid if the rates of atom excitation by electron impact does not vary significantly during the period.
These rates depend on the electron energy distribution function, in turn determined by the reduced electric
field, Furthermore, the value of the reduced electric field is needed to verify the model, used to deduce the
gas temperature radial profile. The longitudinal electric field, E,, was determined from the space potential
measured at two axial positions (separated by ~200 mm) using floating, high-impedance (0.5 GQ)
electrostatic probes (tungsten ~0.5 mm diameter) inserted through the sidewall. We assume that E, is
constant across the tube radius. In figure 2 E, is shown as a function of the O, pressure for different
discharge currents, with a wall temperature T,,=+50° C. At T,,=+5°C the electric field is slightly higher
(by 2-4%). Figure 2 also shows the values of E, predicted by the model, discussed below in Section 3.
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Figure 2. Electric field in the positive column of the dc discharge as a function of the O, pressure for
different currents at T,,=+50°C. The dark symbols and solid lines are experimental data. The open
symbols and dashed lines are the results of the self-consistent model (see text).



2.3. Gas temperature measurement

The gas temperature was determined from the rotational structure of the O, (blzg+,v=0) - (Xazg',v=0)
optical emission at 762 nm [24-26]. The light emission from the plasma was observed in two different
ways. In the first configuration, light was collected perpendicular to the tube axis (mid-way between the
electrodes) with a collimating lens, and focused with a second lens into a spectrometer (Princeton
IsoPlane SCT-320). This configuration gives a measurement, T, .., averaged across the tube radius (but
weighted by the radial density profile of the emitting Oz(blzg*)). The light at the exit slit of the
spectrometer was detected with an IR-sensitive photomultiplier (Hamamatsu H7422P-50) and the spectra
recorded by scanning the diffraction grating, giving low-noise, high-quality spectra. The temperature was
deduced by fitting a simulated spectrum to the observed P branch spectra, giving an accuracy better than
+5°C. Examples of the observed O, (b'%,",v=0) — (X%, ,v=0) emission spectra are shown in figure 3.
Figure 4 presents the measured average gas temperature, T, awer, @S @ function of linear discharge power,
E.Js, where E, and Jq are the measured electric field and discharge current, respectively. For a given
power the gas temperature was independent of the gas pressure (over the range studied) and increased
slightly less than linearly with the discharge power. As expected, the gas temperature also increases with
the wall temperature, since the dominant loss of thermal energy is thermal accommodation at the walls.
The observed shift of the fitted T v Curves between wall temperatures of +5°C and +50°C is ~43+2°C,
agreeing well with the wall temperature difference of 45°C. Also shown are the results from the model
(described in section 3); the full triangles are with a thermal accommodation coefficient a=0.3, and the
full squares use a=0.67. The model using an accommaodation coefficient a=0.3 fits the experimental data
very well, whereas using a value of a=0.67 (commonly used in the literature [27,28]) gives much poorer
agreement.
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Figure 3. Examples of the Oz(b12g+,v:0) — OZ(XSZQ',v=O) emission spectra for different discharge
conditions, along with the fitted gas temperature.
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In the second measurement configuration, light emitted along the discharge axis was observed via
a 16mm diameter window at the end of the tube. An image of the discharge cross-section (with the focal
plane about 10 cm behind the window, although the depth-of-field is large) was created at the entrance
slit of the spectrograph (situated at ~2.7 m from the window) using a 70cm FL lens (2F:2F configuration,
see figure 1). The spectrograph is aberration-corrected, producing a 2D image at the output plane,
spectrally dispersed in the horizontal plane and spatially resolved (across the discharge diameter) in the
vertical plane. The output image was recorded using a 2D intensified CCD detector (Princeton PI-MAX
4), allowing emission spectra to be simultaneously recorded for different radial positions, giving the
radial distribution of gas temperature Ty(r) with a spatial resolution of 1 mm. However, the limited
diameter of the end window (15mm) prevented measurement all the way to the walls, making it necessary
to use a model to estimate the actual temperature of the gas in contact with the Pyrex tube surface. Figure
5 shows the radial temperature profiles (solid symbols) determined by this method for a discharge current
of 30 mA and for a range of gas pressures. Also shown (open symbols) are the O atom translational
temperatures determined directly from High-resolution Two-photon Absorption Laser-Induced
Fluorescence (HR TALIF) measurements of their Doppler profile, using the same laser set up as in Booth
et al. [29]. Since this technique is time-consuming, and the error bars were somewhat bigger (+10K), the
HR-TALIF measurements were only made at the tube axis and at one point centered at 1mm from the
wall (an end window allowing optical access to the complete tube radius was available in these later
measurements). Nevertheless, the temperatures obtained by HR-TALIF are in excellent agreement (within
the error bars) with the values from O,(b'%,") emission.

The temperature profiles predicted by the model, using a thermal accommodation coefficient of
0.3, are presented by solid lines in figure 5. Above all it is worth noting the rather good agreement
between the two sets of measurements and the model calculation. As expected, the temperature is
maximal at the tube axis, dropping towards the walls where the thermal energy is lost by (partial)
accommodation. This demonstrates the validity of the model, and justifies its utilization to derive the gas
temperature in contact with the walls (and therefore the kinetic energy of atoms striking walls), where we
could not make measurements.

The total gas number density, N, was then calculated from the measured pressure and average gas
temperature, Ty aver, assuming the ideal gas law: P=NKgT, aer. The value of the reduced electric field,
E/N, could then be calculated. However, since the gas is hotter at the axis of the tube than close to walls,
there is a concomitant radial gas density gradient, leading to a decrease of E/N with radius. The biggest
radial variations in E/N occur at highest discharge power, corresponding to the highest pressures and
currents. In the worst case, 10 Torr and 50 mA, the value of E/N changes from ~30 Td near the wall to



~53 Td at the axis. However, for most discharge regimes the radial E/N variations are notably smaller,
and in most cases below 20-30 %.
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Figure 5. Measured radial profiles (symbols) of gas temperature Tg(r) for a discharge current 30 mA, a
wall temperature T,= +50°C and for different pressures, compared to the model results (solid lines)
assuming a thermal accommodation coefficient of 0.3. The solid symbols represent temperature
measurements by OES of the O, (b'Z,",v=0) — (ngg',v=0) emission, and the open symbols represent
measurements by HR TALIF of O atoms.

3. Discharge model and radial gas temperature profile

The self-consistent 1D(r) model of the O, dc discharge used here has been developed over several
years at MSU [30,31,32]. Although it predicts all of the major internal parameters of the discharge (the
results of which will be presented elsewhere), here we employ it only to deduce the gas temperature
profiles. The model includes all major charged and neutral particles: electrons, negative ions (O, O, and
05), positive ions (O*, O,", O;" and O,"), vibrationally excited O,(v) molecules (v up to 40), metastable
molecules (Oy(a'Ay), O4(b'Z,") and O,, an effective sum of the O, Hertzberg states), O(°P) and O(*D)
atoms and Os; molecules. The total reaction set has been presented previously [30,31,32]. The model
includes continuity equations in the radial direction for the neutral and charged species, as well as the gas
temperature. The charged species radial profiles are calculated assuming ambipolar diffusion, with self-
consistent calculation of the radial electric field such as to satisfy the quasi-neutrality condition. The
Boltzmann equation is solved (using the two-term approximation) for each radial grid cell using the
(modeled) local gas composition and the (measured) axial field E,, providing the electron energy
distribution function (EEDF), the electron drift velocity and the rate constants for various electron-impact
reactions at each radial grid position.

The gas temperature T(r,t) at constant pressure was found by solving the equations for the total
gas enthalpy H(r,t):

OH(r,t) . 10 oT
— E_P + - rﬂiﬁ-gh\] 1
Gt J rad rar( arJ i Di ()

H(r,t)= Zni h = Zni '(]CPi(T)dT + hfi] 2)



where jE, is the Joule gas heating, P, is the energy loss by radiation, A(erg/(cm-s-K))=27.9-T°% is the
thermal conductivity of oxygen gas, hi.Jpi = -Di.N-V(ni/N) is the energy flux due to diffusion of each
species i of number density n;, with enthalpy h; and heat capacity Cp;. hg - is the standard enthalpy of
formation of the i-th component. The temperature dependence of the heat capacity was calculated from
the polynomial approximation: Ci(T)=2a;-T', where j = 0 — 4, using the coefficients for each species, i,
given in [33]. The wall temperature, T,, was set to the experimental value (assuming no drop across the
Pyrex tube, as discussed above). The temperature jump, 8T = T,,, - Tw, between the wall temperature, T,
and the gas temperature in contact with it, T, depends on the pressure p, the heat flux F to the wall and
the thermal accommodation coefficient, a, of the gas particles hitting the tube surface (predominantly O,
molecules and O atoms, which we assume to have the same value of o) [34]:

5T o F -Tnf;-fz‘—“ ?)

a-p

This jump therefore is bigger for low accommodation coefficients, low pressure and high power.
Accommodation coefficients are difficult to measure experimentally, and the value for O/O, mixtures is
not known. Values in range 0.3 < o < 0.67 have been reported for various gases in the literature [27,28],
so we have made simulations for these two extreme values.

The time-dependent equations for the particle number densities, ni(r,t), the EEDF, the gas
temperature T(r,t) and the axial electric field E,(t) were solved self-consistently until steady-state, setting
the current as an input parameter. Simultaneous agreement with the measured gas temperature profiles
and with the measured axial electric field were taken as the principal criteria for validity of the model, and
therefore of the calculated radial gas temperature profiles. Examples of the calculated axial electric fields
(figure 2) and average gas temperatures (figure 4) are compared to experiment for currents of 10 and 30
mA and wall temperature +50°C. Good agreement is only observed when an accommaodation coefficient
a=0.3 is used. Using a larger value for a (as shown in figure 4 for «=0.67) leads to poor agreement,
underestimating the average gas temperature at high discharge power.

The measured and calculated radial temperature profiles are compared in figure 5 for 30 mA, Ty
= +50°C and a=0.3. Figure 6 shows the temperature of the gas in contact with the wall (T, determined
from the model) as a function of the average gas temperature, Tq s, (determined experimentally, but in
agreement with the model). The data fall onto a single line, independent of pressure.

Tow=Tw +0.28.(Tg aver- Tw) (4)

This allows the gas temperature near the wall to be estimated simply from measurements of the radially-
averaged gas temperature, Tq.aver. Therefore in the analysis below we estimated the gas temperature in
contact with the wall from this formula, using the average gas temperature determined from the O,(b"%,")
emission spectra observed perpendicular to the tube axis.
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Figure 6. The gas temperature near the wall T, (from the simulation, with an accommaodation coefficient
0=0.3) as a function of the (experimentally-determined) radially-averaged gas temperature, Tg.aver for the
same nominal conditions. The data shown is for T,,=+50°C with J4=10 and 30mA. The dashed line is the
linear fit Toyw =~ Ty + 0.28.(Tg aver- Tw)-



4. Measurement of the O atom density, loss frequency and surface recombination probability

The O atom loss frequency was determined from the temporal variation of the oxygen atom mole fraction,
[O]/N (where N=~[O,] is the total gas density), during small (~15%) rectangular modulation of the
discharge current. This is preferable to using the O atom density since in this case the effect of gas
temperature variations on the total gas density, N, are eliminated. The [O]/N variations were followed by
time-resolved actinometry, using Ar (added as 5% of the gas flow) as the actinometer gas [1,3,4,6,9-
11,13,35-42]. The effect of this small addition of Ar on the EEDF and other discharge parameters is
negligible, since the EEDF is largely determined by electron collisions with the majority gas, O, [43].
The conventional lines for O (°P) actinometry were used, namely 777 nm and 845 nm for O atoms, and
750 nm for Ar [1,3,4,13,17,35-40]. The physical processes determining the optical emission intensities
have been widely discussed previously [1,4,11,13,17,37-40]. Therefore we present only the final result —
the relation linking the O mole-fraction to the ratio of the intensities of the atomic emission lines 1o and
lar.

[OCP)] _ ~o [Ar] 1,
— = =C,.—-2-5, 5
N MON L, P ©)
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The actinometric coefficient C3. =Cg (E/N;P;T,) is a function of the discharge parameters. The term

r

B corrects for the contribution from electron-impact dissociative excitation of O, molecules. S; is the
sensitivity of the detection system at wavelength A. The radiative (A? , A’") and quenching (kf;’o2 : k(fgz)

coefficients were taken from the literature [1,4,17,37-40]. Non-local radial effects on the EEDF can be
ignored, since they only become important only when pR < 0.1 Torr-cm (p is pressure, R is tube radius)
[41,42], so the local approximation can be used. The EEDF was calculated as a function of E/N using the
Boltzmann equation and the MSU cross-section set for O, [30], allowing the excitation rate constants to
be calculated from the respective excitation cross sections [4,40,44]. At low pressure (where quenching

can be neglected) C,?r depends only on the ratio of excitation rate constants (ke’”,keO ), which are
functions of the EEDF, and therefore E/N. The calculations showed that the dissociative excitation term,
S, can be neglected for the conditions studied here: g << [O(*P)J/[N]. Therefore the oxygen dissociative
degree, [O(*P)J/[N], is directly proportional to the line intensity ratio, lo/l,,, provided that the coefficient
C, is constant.

The global balance of O(°P) atoms (both in the steady state and during current modulation) can be
described by following equation:
R
d([[0](r)- 2rdr)
0

R

= [P(r)- 27rdr —27R-[0],, 7o -%‘—TL(r)-[O](r)-Zmdr

dt . (®)
Here, P(r) and L(r).[O](r) are the total production and loss rates of O atoms by gas phase
processes at radius r, yo is the surface loss probability of O atoms, [O],, is the concentration of O atoms
near the wall, and vy, is the thermal velocity of the gas in contact with the wall (at r=R the tube radius),
which has a temperature of T,. We assume that the mole fraction of oxygen atoms is constant across the
radius (which is the case when the surface loss probability is small), and that atom loss in the axial
direction is negligible (due to the long distance to the ends of the tube). Thus the thermal velocity is given

by:
_ (8K 9)

th 7Z'MO



where Mo is the mass of an O atom. Equation (8) can be rewritten in terms of volume-averaged
values (hereafter referred by the index “aver”), dividing by the tube cross-section area (=nR?) we obtain

an expression for the effective loss frequency of O atoms, v, :

o _ _ 1 d[O]aver - _ I:)aver [O]nw N . ﬁ

Vloss - [O]aver dt [O]aver + [O]aver 7o 2R + Laver ! (10)

where
[Ohm=(ﬁoun-bmrjhﬂ2
° (11)
and
Laver = (J. L(r) ’ [O] (r) : 27zrdr]/([0]aver ’ ﬂRz)
o . (12)

Under conditions of small surface loss probability, yo, and/or fast radial diffusion of O atoms, the
atomic mole fraction, [O](r)/N(r), will be nearly constant across the radius (the gradient d(JO](r)/N(r))/dr
is only a few percent for yo ~ 10° and pressure 5-10 Torr), i.e. [O](r)/N(r)=[O]ae/N. During low-
amplitude square-wave modulation (15-20%) of the discharge current, the electron density will reach a
new steady state much faster than the O atom density, causing a similar abrupt increase or drop of the
electron concentration and, accordingly, of the production term P, The O atom mole fraction will relax

after this abrupt increase or drop of the discharge current with the exponential time constant, vo. .

Rearranging equation (10), and assuming that P, changes instantaneously gives us a formula that allows
us to determine the recombination probability of O atoms, yo, from the experimentally-observed loss

frequency v,

o 2R [O]
Yo =\Vioss — I‘aver T S (13)
o= )qhwm

If the temperature gradient is negligible, in the absence of significant gradients in the O atom
density, [O].w=[O]aver, and if gas-phase loss processes are neglected, equation (13) reduces to the well-
known formula:

2R
Yo = Vlf))ss T (14)

th

For small values of the loss probability yo (so that the O atom mole-fraction is constant across the
radius), the O atom density profile follows the total gas density, which can be determined from the
temperature profile and the ideal gas law, giving:

DMELQEL
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where T(r) and T,, are the gas temperature at radius r and near the wall, respectively. We
evaluated this correction term using the modeled temperature profiles, giving a correction up to 30% in
the value of vy, at the highest pressures and currents.

Now we must examine the possible gas-phase reactions that can cause oxygen atom loss (the term
Laver in equation (13)) for our conditions, which include gas pressures up to 10 Torr. Ideally this term
should be negligible or at least small compared to the total observed loss rate. The experiments were
performed with low gas flow rates, leading to gas residence times longer than 1 s, much longer than the
lifetime of all transient species in the tube, so that transport due to flow can be neglected as a loss term.

Studies carried out in the 60’s [49,50] observed the loss of oxygen atoms in an O, bath gas, and
interpreted it as the recombination of O atoms with O, as a third body:

dr, (15)



O+O+02—)02+02 (Rl)

The generally-accepted rate constant of this three-body recombination is ko= 3.34:10°%(1/T)-¢
cm®/s [30,32]. With this rate constant, we estimate a maximal O atom loss rate of ~3-6 s™ for 3-10
Torr and 30-40 mA, which is less than ~10 % of the total experimentally-observed loss rate (cf. figure 9).
Oxygen atoms can recombine with O, in three body collisions involving another O, molecule, forming
ozone,

170/T

O+ 02 +02 e 03 + Og, (RZ)

This well-known reaction has a rate constant koz=5.96-10*(300/T)**" cm®/s [45]. Its impact will
be most significant at the highest pressure (10 Torr), and the lowest currents (where the gas is cooler).
Furthermore it will predominantly occur close to the wall, where the gas is cooler and denser. Any ozone
produced will further react quickly with oxygen atoms,

O+ 03 — 02 + Oz, (R3)
with a rate constant k=8x1072.e?%%T [cm?/s] [46], leading to the loss of two oxgen atoms overall.
Ozone can also react with Og(alAg) metastables,

03 + O(a'Ag)— O + 20, (X) (R4)

with a rate constant of 5.2-10™.e?%T [cm®s] [47]. Due to the high density of O, (a'Ay)
metastables in these discharges, this process can also be a significant loss channel for ozone at the highest
pressures and currents. Finally, at high temperatures ozone can be dissociated,with a rate constant of
kos™= 7.3:10%0-¢™*¥T cm3/s [48] .However, the rate of this reaction is negligibly small for the
temperatures occurring in this study. Due to the significant radial temperature gas density gradients
present at the highest pressures and currents, it is difficult to make a simple estimation of the contribution
of these reaction pathways involving ozone to the total oxygen atom loss rate. Therefore, we used the
1D(r) model described above, which indicated that even at 10 Torr these mechanisms account for less
than 5% of the observed loss frequency.

At the lowest pressures (< 0.5 Torr) the associative detachment reaction

O +0 —0,+te, (R5)

with a rate constant ko= 2-10™° cm?/s [50], can start to play a minor role in the volume loss of O
atoms, but is still negligible (< 2 s™) compared to the total observed loss rate.

In conclusion, under the conditions studied here, gas phase losses are small (i.e. Layer << v,co’ss),

and oxygen atoms are predominantly lost by surface recombination. Previously reported loss probabilities
for fused silica and glasses at room temperature [1,4,8,9,11,17] are in the range 10™ <yo< 107, leading to
characteristic loss times of a few tens of ms and above. The products of recombination at the wall are
mainly O, molecules, although a small amount of O3 can also be produced [17-20].

In addition to these (relative) kinetic measurements, equations (5-7) can also be used to estimate
the absolute O-atom mole-fraction, [O(*P)]/N. The accuracy of actinometry for absolute measurements
has been tested mainly at lower pressures (below ~1 Torr) [37-40], when collisional quenching of the
emitting states can be neglected, giving an estimated accuracy of 30-50%. At the higher pressures studied
here the accuracy is expected to be less good, due to radial variations of E/N, combined with uncertainties
in the cross sections near threshold. Furthermore, collisional quenching becomes important, whereas the
temperature variation of the quenching rate constants is poorly known. Thus we estimate the accuracy of
absolute [O]/N measurements to be good within a factor of two.

5. Results and discussion

Figure 7a shows the time variation during the modulation period of the discharge current Jq4, the gas
temperature Ty aver and the reduced electric field E/N at 0.75 Torr and 30 mA. The current was measured
directly, while T . is estimated from the instantaneous measured power density using the (steady-state)
dependency seen in figure 4. This estimation is not valid during the first few (~3) ms after the current step



(marked by grey rectangles in figure 7a), during which time the gas temperature transitions to a new
equilibrium value. These values of T . are then used to calculate the total gas density (N) from the
ideal gas law and thus deduce the reduced field (E/N). The changes in T aer and E/N during modulation
are relatively small, because the electric field changes only slowly with current (figure 2). Moreover, the
observed variations in E/N have an almost negligible effect on the actinometric coefficient (7). Our

calculations show that, even in the worst case, CJ, changes less than 1-2% between the high- and low-

current phases. The emission intensity ratio therefore provides a reliable measurement of the time
variation of the ratio [O(*P)J/[N].

The temporal variation of the [O(?P)]/N ratio during current modulation is shown in figure 7b, for
0.75 Torr and 30 mA. The rise and decay curves are well-fitted by single exponential functions with time
constants 7”"and " respectively. The time constants observed for the two oxygen lines (777 nm and 845
nm) and for the rise and fall are identical within 2%, for all conditions studied. This observation
demonstrates that: 1) the contribution of dissociative excitation to the O atom emission (which affects the
777nm line far more than the 845nm line [4]) is negligible; and 2) the O atom loss is caused by a first-
order process (a second order process would lead to a hyperbolic, a/t behavior, which is clearly
incompatible with the form of the observed decay). For each set of discharge conditions the loss

frequency, v =1/, was taken to be the average of the four measurements, v =1/4(1/ 77 + 1/ 1™ +

17, + 1/z"ﬁ845). Furthermore, assuming the atoms are predominantly lost by surface recombination
(discussed below), we can conclude that the surface loss probability does not change significantly during
the modulation. The value of the [O(?P)]/N ratio at different axial positions along the tube was also
determined by actinometry. Only small variations were observed at the very ends of the plasma column,
near the gas inlet and outlet.
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Figure 7. a) Typical dynamics of the discharge current (Jq), gas temperature (T aer) @and reduced electric
field (E/N) during discharge modulation at 0.75 Torr and 30 mA, T,,=+50C. The grey boxes indicate
periods where T a.r, and thus E/N, are varying in time and cannot be used. b) Typical dynamics of the
[OCP)]/N ratio during discharge current modulation at 0.75 Torr and 30 mA, with T,,=+50C. Results are
shown for both 777 nm and 845 nm lines of oxygen atoms. The red curves show exponential fits.

The measured loss frequency, v, is presented as a function of pressure for different currents in figure

8, for wall temperatures of +5°C (a) and +50°C (b). As the pressure is increased the loss frequency first
decreases rapidly, passing through a minimum at around 0.75 Torr, before increasing steadily with
pressure. The results are qualitatively similar for both wall temperatures, although the loss rate rises
slightly faster with pressure for the lower surface temperature.

The O atom mole-fraction, [O(’P)]/N , and the oxygen atom density near the wall, [O(*P)]nw, (calculated
from [OCP)IN and T,,) are plotted in figure 9. The oxygen atom mole fraction passes through a
maximum at a pressure of 0.75 -1 Torr, the same pressure where the loss frequency is minimal. The
oxygen atom density near the wall also passes through a broader maximum at a higher pressure (about 3-4
Torr), whose position varies only slightly with discharge current and wall temperature. At pressures
above 1 Torr both the oxygen atom density and the mole fraction are both higher for higher wall



temperatures. Note that trend of the incoming O flux is very similar to that of [O],, shown in figure 9,
differing only by a factor of the square-root of the near-wall temperature, which increases by less than
20% over the pressure range considered.
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Figure 8. a) Measured O atom loss frequencies 1" at (a) T,,=+5°C and (b) T,=+50°C
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Figure 9. a)The mole-fraction, [O]/N and b) the O atom density near the wall [O],, as a function of
pressure for different currents, at wall temperatures T,,=+5°C and +50°C, estimated from actinometry and
T.w Measurements.

The O(®P) atom loss probability yo was calculated from v,ffss using expressions (13) and (15). To correct
for the effect of volume losses, the average volume loss rate L., Was assumed to come only from the
three-body recombination of two O atoms (the fastest volume loss process), giving a correction of v of

up to a few percent. The data shown in figure 8 clearly show that vfgss is a function of pressure and

current, and is not simply a function of the wall temperature, which was kept constant at either 50 C or 5
C during the measurements. The O-atom loss frequency increases with the discharge current for all
pressures, while with gas pressure it passes through minimum in the region 0.5-1 Torr. This behavior can
be explained by an Eley-Rideal (ER) surface recombination mechanism, in which O atoms arriving from
the gas phase react with O atoms adsorbed on the surface. The kinetic energy of the incident O atoms,
which varies with pressure and current, provides the activation energy for the reaction. The recombination
rate in an ER mechanism depends on the surface density of adsorbed atoms (determined by the
adsorption-desorption balance) and an Arrhenius factor depending on the temperature and an activation
energy. In this case, “temperature” should refer to the average energy of the colliding (i.e. the incident
and the adsorbed) atoms, and not simply the surface temperature (as assumed in previous studies). Since
the wall temperature is fixed, any change in the energy available to overcome the recombination
activation barrier must come from the kinetic energy of the incident O atoms, which are hotter than the
wall due to gas heating in discharge, which increases with both gas pressure and with discharge current. It
should be also noted that the O atoms will be in local thermal equilibrium with the O, molecules even at
the lowest pressure (0.2 Torr) since the average lifetime of O atoms, created hot by dissociation of O,, is



significantly longer than the atom thermal equilibration time due to collisions with neutrals. This
equilibration is confirmed by our model.
The values of the surface recombination probability, yo, derived from the measured values of

v, are plotted as a function of the inverse of the gas temperature near the wall in figure 10, for two

values of the wall temperature, +5°C and +50°C. Only data for pressures above 0.75 Torr are shown; the
data for lower pressures (where the value of yo rises again) will be discussed in section 7. The values of
Yo for each wall temperature fall onto a single curve, independent of discharge current and pressure. Such
a grouping of yo data onto a single curve (for a given surface temperature) is unlikely to be fortuitous and
strongly suggests that O(*P) surface loss occurs through a mechanism that depends on the incident atom
temperature, independent of the pressure and current.
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Figure 10. The O atom loss probability, yo, for “high” pressures (> 0.5 Torr) as a function of the inverse
temperature of the O atoms incident on the tube wall (T,,). The data for all pressures (above 0.75 Torr)
and currents are shown together. The open symbols correspond to a wall temperature T,,= +5°C, the full
symbols correspond to T,,= +50°C. The dashed lines show fits to an Arrhenius formula (equation (16),
with E,=0.13 eV (1500 K), A=0.09 for T,,= +5°C and A=0.044 for T,,= +50°C.

In the conventional view of Eley-Rideal (ER) and Langmuir-Hinshelwood (LH) mechanisms [1-
23], the atom surface loss probability depends only on the surface temperature, and this determines the
relative importance of the two mechanisms. For ER recombination it has previously been assumed that
the temperature in the Arrhenius law refers to the “wall temperature”, and therefore that the “gas
temperature very close to the wall” is equal to the “wall temperature” [52], although this distinction and
its implications have not been discussed previously. In contrast, in the LH mechanism where O-atom loss
occurs due to the recombination of two adsorbed atoms, one of which is a diffusing physisorbed atom,
recombination by definition depends only on the wall temperature. Therefore, in the case of LH
recombination the loss probability should be constant for a fixed surface temperature. However, our
experiments show that yo is not constant for a given surface temperature, but varies with the discharge
conditions. Accordingly, the following conclusions can be drawn:

i. the observed variation implies an ER mechanism; this is to be expected since LH
recombination is only significant for temperatures below ~ 250 K [1,8,15,19-21]).

ii.  the observed variation of yo is caused by changes in volume plasma parameters, notably the
kinetic energy and flux of atoms arriving at the wall from the gas phase. Here we assume
that, at these pressures above 0.75 Torr, the energy of ions striking the surface is too low to
have an effect, see section 7).

The yo data from figure 10 can be can be fitted to an Arrhenius law for both wall temperatures:
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Vo =A exp( anWJ , (16)
These exponential fits are shown by dashed lines in figure 10, with the same activation energy for both
cases, E,q, but with different pre-exponential factors, A. Such behavior is typical of an ER mechanism,
but here it is the kinetic energy of incoming gas-phase atoms that overcomes the energy barrier, and not
the surface temperature, as has been assumed previously [1,8,15,19,20]. Note that the data points for
pressures below 2 Torr do not lie on the Arrhenius line; they are not included in the linear fit. A “knee” in
the Arrhenius plot occurs exactly at the conditions (pressure and current) where the O(°P) density and the
atomic flux to the wall are maximal (cf. figure 9b). The reasons for this inflection will be discussed
below.

The O loss probabilities are higher when the wall temperature is lower, resulting in a higher pre-
exponential factor. As the activation energy is the same, this shift of yo can only be caused by an increase
in the density of reactive sites at the surface. At these temperatures all chemisorption sites will be fully
occupied [21,23], since atoms are irreversibly absorbed there. The desorption lifetime of chemisorbed
atoms will be the order of tens or hundreds of minutes, and the frequency of surface recombination
reactions is low, so that empty chemisorption sites will be quickly occupied by direct adsorption. Thus,
the most reasonable explanation for this increase in yo with decreasing wall temperature is additional ER
recombination with physisorbed oxygen atoms, which will have higher surface density at lower wall
temperatures.

The activation energy estimated here, E,=0.13 eV (~1500 K or ~12.5 kJ/mol), corresponds very
well to the values observed in other experiments reported in the literature, which all fall in the
range~0.155+0.026 eV (~1800+£300 K) [1,4,8,9,11,17], even though in this cases E,y was estimated by
varying the surface temperature. To the best of our knowledge, the temperature of the atoms arriving at
the surface has not been taken into account previously.

Note that, even for an ER mechanism, the behavior of the atom loss probability with temperature
can be more complex than a simple Arrhenius law [17,23], since the atom surface loss probability also
depends on the density of physisorbed atoms, which is determined by the sorption equilibrium, which
depends on the incoming flux. Furthermore, the reactivity of each absorbed atom may depend on the
details of its environment at the atomic level, which can lead to a distribution of activation and desorption
energies for the different surface sites [52]. The observed deviations from a simple Arrhenius law can be
caused by these effects, as detailed in the next section.

It should be noted that the yo values measured at the lowest currents (i.e. at low gas temperature)
are 2-4 times lower than those reported in previous papers under similar plasma conditions [1, 11].
Subsequent measurements carried out after the tube had been broken, repaired and annealed gave higher
Yo values. However, with plasma operating time the value of gamma was observed to decrease slowly. It
appears therefore that there is a slow evolution of the Pyrex surface with long exposure to an oxygen
plasma, leading to passivation of some of the reactive chemisorption sites. This effect can be reversed by
heating the Pyrex surface to a high temperature. A consequence of this lower density of chemisorption
reaction sites on the passivated tube surface is that recombination via physisorbed atoms becomes
significant, even at these relatively high surface temperatures and modest incident atom fluxes.

6. Surface kinetics model for recombination at pressures above 0.75 Torr
We propose a surface reaction model which complies with the conclusions from the previous section,
namely:
i. O atom surface recombination occurs through an Eley-Rideal mechanism;
ii.  the recombination is activated by the kinetic energy of incident gas-phase O atoms;
iili.  recombination with physisorbed (“weakly bonded”) O atoms must be included in addition to
chemisorbed atoms.

Several phenomenological models of ER surface recombination kinetics have been proposed, for example
by Marinov et al. [23]. Such models are fitted to experimental data by the use of several adjustable
parameters. Ideally, these parameters should have an obvious physical meaning, so that their values can
be estimated from the experimental and theoretical literature. However, often the choice of parameters is
rather arbitrary, varying widely between different studies and sometimes even exceeding reasonable
physical limits. The aim of this work is to propose a phenomenological model that has been validated
against well-defined experimental measurements of the atomic loss probabilities over a wide range of



conditions. The number of adjustable parameters is typically of the order of 5 and, therefore, a large
number of measurements is necessary to constrain the model and give confidence in the results. The
current experiments provide such a benchmark, offering a careful characterization of the mechanism of O
atom surface loss over a range of experimental conditions. They allow the development of a robust
surface reaction model, with a small number of adjustable parameters and minimizing the arbitrariness of
their values.

Before describing the elementary surface mechanisms in the model, it is worth discussing how the
surface is described and introducing some definitions. An adsorbed atom can interact with the electronic
structure of a surface in different ways. In the first case, a true chemical bond is formed, with a
characteristic energy of a few eV [53]. This occurs at surface locations where the atom can come close
enough to a surface atom (or group of atoms) to undergo a strong “electron-exchange” interaction, at a
distance comparable with the distance between surface atoms. This is known as atom chemisorption and
the active surface sites are denoted as chemisorption sites [1,5,14-19,21-23]. On clean metallic surfaces
an atom can chemisorb almost anywhere, since free electrons from the metal are accessible. Considering
only one monolayer of adsorbed atoms, the density of chemisorbed sites will be close to the density of
surface metal atoms (~10"°-10* cm™ depending on the metal phase and the surface roughness factor).
However, if the metal surface is partly oxidized (which is often the case) the effective density of
chemisorption sites is reduced. In the case of dielectric surfaces (such as Pyrex, as studied here) the
chemical nature of the sites is quite different, and chemisorption usually only occurs at surface defects.
This localized character of the interaction can lead to a wide variation of the density of chemisorption
sites on dielectrics, typically from ~10" to ~10" cm™ [54]. For semiconductors the situation is
intermediate and the density of chemisorption sites can vary from what is typical for dielectrics up to that
of metals. It should be noted that it is only possible to attain atomically clean surfaces in ultra-high
vacuum conditions using special precautions; in real plasma experiments it is impossible. Moreover,
disorder at the atomic level in amorphous materials also strongly influences chemisorption.

At longer distances the interaction between an ad-atom and the surface is weaker, resulting in an
interaction energy below ~0.5 eV [53]. Such interactions only slightly disturb the electronic structure of
the ad-atom and the surface, and do not change the chemical nature of the atom or of the surface. This
type of interaction is known as physisorption. Physisorbed atoms are also sometimes referred to as
“weakly bonded”. Because of the long distance of the interaction, physisorbed atoms generally
simultaneously interact several atoms in the substrate. Therefore, there are no specific sites for
physisorption, in contrast to chemisorption. In this sense, a physisorbed atom can interact with any
surface atom, and the maximal density of physisorbed atoms is limited by their packing density on the
surface, which is comparable to the surface atom density (~10%°-10"® cm™, taking into account surface
roughness).

In light of the discussion above, recombination at chemisorption sites can be described by

O+Ch—2>0,, (S1)
0+0, — >0, +Ch (52)

where O, and Ch represent a chemisorbed atom and a free chemisorption site, respectively. As was
shown by Cartry et al. [5,14] and Lopaev et al. [17], under discharge conditions saturation of the
chemisorption sites occurs very quickly, even with O atom densities as low as ~10'2-10" cm. For the
experimental conditions studied here the O(°P) concentration is higher by at least two orders of magnitude
and a full occupation of the chemisorption sites will occur in less than 10™ s [23]. Therefore almost all
chemisorption sites will be occupied by O atoms, [O¢]>>[Ch] and [Ocp]=[Cho].

The rate coefficient for reaction (S2), ks" can be expressed in the usual Arrhenius form,

ECh
kgh - ko -P= ko . PO .exp(_ ; act ) (17)
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where T, is the temperature of the recombining atoms incident at the surface, EactCh is the activation
energy for recombination with chemisorbed atoms, P is the elementary reaction probability that can be
written in usual an Arrhenius form P=P, -exp(-EactCh/anW). P, is a function of the properties of the surface



and is often used as a fitting parameter in phenomenological models. k, is the collision frequency of gas
phase atoms with chemisorbed atoms. k, is the effective collision frequency (cm?s™) of gas phase atoms
with chemisorbed atoms, which can be estimated as k, ~ a%-vg.S/V, where a~0.25 nm is the distance
between surface atoms (so that a’ is approximately the site area), vy, is the thermal velocity of O atoms,
and S/V=2/R is the surface to volume ratio of the discharge chamber, respectively. The flux of atoms
undergoing ER recombination with chemisorbed atoms at the surface, I'cn, can be written as

ch
ey = kgh [Oc1[0],,-R/2= %ﬁwz}m (18)

where [O]. is the density of O(°P) atoms near the wall, from where the O atom loss probability due to
reaction at chemisorption sites. Combining (17) and (18) gives:
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7" =~ ==k, P,[Ch,]- exp(— k_li‘“ j (19)

th nw

This expression for ygh can explain the experimentally observed Arrhenius behavior of y,. However, it

cannot explain the increase of y, with decreasing wall temperature, since the number of chemisorbed

sites is saturated, and therefore constant. As discussed above, O atoms can also recombine with
physisorbed atoms, whose surface density will increase with decreasing temperature [21].
Similarly to chemisorption, the occupation of physisorption sites can be described by

ko
O+Ph_"0, (S3)
O+OF,hk—Rph>O2 +Ph (S4)

where Ph and Op;, correspond to a free physisorption site and a physisorbed O atom, respectively. Process
S3 describes physisorption/desorption and S4 corresponds to O(’P) atom recombination with a
physisorbed atom. The main difference from the mechanism involving chemisorption sites is that the
surface density of physisorbed atoms is determined by an adsorption/desorption equilibrium, since the
desorption energy is relatively low and the corresponding desorption rate is fast enough to depopulate
most of the sites [21].

The rate coefficient for reaction (S4), ks™", can be represented as before in the usual Arrhenius
form,

o EPh
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where T, is the temperature of the recombining atoms, E..." is the activation energy for recombination
with physisorbed atoms and k, and P, are defined above. The frequency of O(*P) desorption from
physisorption sites, v¢™", is given by

. £

where vy~ 10" s™ corresponds to the vibration frequency of particles in the physisorption potential well,
T is the surface temperature and E™ is the desorption energy for physisorbed O atoms. The value of v,
is often taken to be 10% s™[5,7,8,21]. A discussion of this value can be found in [55,56]. Here we assume



a value of 10" s™, which is typical for the case of a single atom on a dielectric surface when Eq >> kT,,.
Due to the high desorption rate around room temperature, the fractional occupation of physisorption sites
only becomes comparable to that of chemisorption sites for very high incident fluxes of atoms. Under
most conditions, the surface density of physisorbed atoms is significantly lower than the total density of
physisorption sites, i.e. [Op,] << [Ph]. Since the rate of loss of physisorbed atoms by recombination is
very small compared to the rate of desorption, the density of physisorbed atoms is defined by the
equilibrium (S3), which can be written:

[Opy]= [%]:W [Ph] @)

with O; = vg’ " K, . O corresponds to the gas-phase O(°P) concentration necessary to cause occupation

of half of the physisorption sites. Defining the total number of physisorption sites as [Pho]=[Ph] + [Op] (=
(3-10)-10" cm®) and rearranging we get:
[Phy]

[Ph]:1+[O]nW/of

Assuming a value of 0.3-0.4 eV for the O atom desorption energy, E4™", this concentration is rather high:
Or > 10™-10" cm. Therefore [0O] << O; for typical discharge conditions, including those reported here,
and we can simplify this to:

(23)

[Op] ~ [%]”W [Ph,] (24)
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and [O;,,] <<[Ph,]. The O atom recombination with physisorbed atoms in reaction S4 can be described
(as for S2 in the case of chemisorption) by

KOO, = 78 e @5)

leading to this expression for the loss probability with physisorbed atoms:
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The total loss probability of O atoms is then 7, = 75" + 75",
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Regarding the values of the activation energies, E...-" and E.", let us consider two limiting cases. In the
first one, denoted “case 17, we assume that the activation energies for ER recombination are the same for
both chemi- and physisorbed O atoms, i.e. Eaell'=E,f "=E,.. From a physical point of view, this means
that the activation energy depends only on the interaction between the adsorbed atom and the gas phase
atom, and is independent of the nature of the bond between the adsorbed atom and the surface. This is in
contrast with the idea presented by Kim and Boudart [8] and reviewed by Guerra [21] that the activation
energy for recombination is related to the binding energy between the adsorbed atom and the wall.

Expression (27) for yo then simplifies to

_onf 4 [P [Olh
Yo =70 £1+[Cho] 0, J (28)



In the second scenario, denoted as “case 2”, ER recombination with physisorbed atoms is considered to
be similar to volume three-body recombination, which has zero activation energy, with the surface
playing the role of the third body. A similar assumption was discussed by Marinov et al. [23] for the case
of LH recombination between physisorbed atoms, although the conceptual differences between both cases
are subtler for ER than for LH. Indeed, the two cases explored here correspond to idealized limiting cases.
The actual microscopic picture may be more complex and may also involve a two-step mechanism, where
a gas phase atom is first physisorbed very close to another physisorbed atom, diffuses (overcoming an
energy barrier) and then recombines. Future experiments under different operating conditions (e.g., at
very low surface temperatures) combined with microscopic Monte-Carlo simulations could clarify this
question.
In “case 27, the expression (27) for yo becomes:

. [Ph] [0l air.

— L~ dnw ekT

In expressions (28) and (29), the dependence on discharge parameters appears through the O(P)
atom density near the wall [O],. as well as through the activation energy terms inyS" and O, , which

depend exponentially on Ty, and T,, respectively (see equations (20) and (21)). This causes yo to vary
with discharge current and pressure, in addition to varying with surface temperature.

Expressions (28) and (29) were used to fit the observed O(®P) surface loss probabilities, vo, (at pressures
above 0.75 Torr) using the measured [O(°P)]/N ratio and the gas temperature near the wall. The results
are shown in figure 11a and 11b, and the derived parameters are presented in Table 1. As can be seen by
comparing the model results in figure 11 to the measurements (figure 10), both models reproduce the
general observed trends of yo with the discharge parameters pressure, current and wall temperature. The
linear behavior of yo at pressures above ~2 Torr (left side of the graphs) is explained by the Arrhenius
form of the recombination probability with an activation energy E. Deviations from this behavior at
lower pressures are caused by the terms in brackets in (28) and (29), which account for recombination
with weakly bonded physisorbed atoms, whose concentration depends on both the O atom flux and the
surface temperature. This model therefore explains the experimentally-observed deviations from the
Arrhenius plots (“knees” of different amplitudes) at the conditions (pressure and current) where the O(°P)
flux to the wall is maximal. The inflection is more pronounced at the lower wall temperature, since in this
case the surface density of physisorbed atoms will be higher for the same atom flux. The variation of the
oxygen atom flux with pressure and current depends on the near-wall atom density (figure 9b), multiplied
by the mean kinetic velocity. However, the latter factor depends on the square root of the (near-wall)
temperature, which only varies in the range 330-390K (at Ty, =50C), so the relative trend in flux is very
similar to the density trend shown in figure 9(b).

Table 1. Model parameters used for yo calculation.

Case “1” (figure 11a): Case “2” (figure 11b):
Model parameter o ==y Ewe”, Exet™=0
Activation energy E, 0.13 eV /1500 K 0.163 eV /1900 K
O atom desorption energy E4" 0.302 eV / 3500 K 0.172 ev/ 2000 K
Adsorption rate constant k, (cm?/s) 2x107° 2x10™°
Reaction probability, Py 0.044 0.12
Chemisorption site density, [Cho] (cm™) 1.5.10" 1.5-10"
Physisorption site density, [Pho] (cm™) 10™ 10™
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Figure 11. Modelled behavior of yo in cases “1” (a) and “2” (b), for the model parameters given in Table
1, as a function of the inverse temperature of incident O atoms (300/T,,,) for different currents and wall
temperatures +5°C and +50°C. The dashed lines are fits by the simple Arrhenius formula (16), with
E./k=1500 K, A=0.09 for T,,= +5°C and A=0.044 for T,,= +50°C.

It can be seen that the results from “case 17, where the activation barrier for ER recombination is
the same for physisorbed and chemisorbed atoms, leads to a better agreement with the experimental data
than “case 2”, where there is no activation barrier for recombination with physisorbed atoms. It is also
worth noting that the values of the model parameters determined here are comparable to those used in
other works [1,5,17,21-23,45]. The activation energies for recombination, E.y, 0.13 eV in “case 1” and
0.163 eV in “case 2”, compare well with the values (~0.155+0.025 eV) in the literature, [1,4,8,9,11,17].
The desorption energy for physisorbed O(*P) atoms, E4™", 0.302 eV in “case 1” is only slightly higher than
the desorption energy of physisorbed O, (~0.27 eV [53]), which reinforces the view of a more physical
than chemical character of the interaction between the weakly bonded atoms and the Pyrex surface. E™" is
almost double the value of E,, corresponding well to the generally accepted definition 1/2E°~Ep~Eqq
for dielectrics, where Ep is the energy barrier for diffusion [1,5,8,17]. Note that Ep is considered to be
equal to E, by Lopaev et al. [17]. The value of [Pho] = 10*® cm™ is close to the density of surface atoms
(3-10™ cm™?) if we account for the surface roughness factor x~3-4 for Pyrex, [Phe]~y-3-10%. [Che] =
1.5-10" cm agrees well with the chemisorption site density on a Pyrex surface calculated from the NO,
surface production rate from NO recombination with chemisorbed O atoms [52].

It should be noted that the contribution of physisorbed atoms to ER recombination rate is quite
small at 50°C, since in this case the density of physisorbed atoms is lower than that of chemisorbed
atoms, and “classical” ER recombination with chemisorbed atoms is dominant. Figure 12 shows the
calculations, assuming case 1, for 30 mA and both wall temperatures, +50°C (a) and +5°C (b) (see Table
1). When the wall temperature is decreased from +50°C to +5°C, the contribution of ER recombination
with physisorbed atoms increases and can even exceed that of chemisorbed atoms. At pressures below ~1
Torr (where the gas temperature is lowest, far right hand side of figure 12(b)) the reaction with
chemisorbed atoms dominates over the physisorption component, due to the low O atom density.
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Figure 12. The O atom surface loss probability y, for 30 mA and wall temperatures +50°C (a) and +5°C
(b) in case “1” as a function of the inverse temperature of O atoms (300/Ty,). The symbols correspond to
experimental data, the dashed line is the contribution of chemisorbed atoms 7/8“ to the total loss

probability and the dotted line is the contribution of physisorbed atoms ygh :

In contrast to the case of crystalline solids, for an amorphous surface the individual adsorption
sites and their corresponding desorption and activation energies, Eq and E4y, can exhibit significant
variations. This has been demonstrated for NO, formation from NO oxidation with adsorbed O atoms by
Guerra et al. [52]. The distribution of physisorption energies may be wide enough to include “quasi-
chemisorbed” atoms with bond energies around 1 eV. Adsorbed O atoms with Eq in the range ~0.3-0.7 eV
were observed by Guerra et al. [52]. The residence times of these “weakly bonded” atoms on a surface
can vary from seconds to hundreds of seconds [5,14] and they may play an essential role in surface
recombination.

Guerra et al. [52] also showed that chemisorbed O atoms on Pyrex have a distribution of
activation (and probably also desorption) energies, depending on the atom neighborhood. If the
distribution is wide, only the low activation-energy “shoulder” will participate in recombination, since
chemisorbed atoms requiring high activation energies will only react very slowly. In order to qualitatively
model the effect of a distribution of activation energies on the O atom surface recombination, we have
assumed a Gaussian distribution of surface-site activation energies,

J2r 20E2

act
where E,. is the mean activation energy and OE, is the dispersion of the distribution. All other
parameters are kept the same as before.

Figure 13 presents a series of model calculations (assuming case 1) for a current of 30 mA and
various activation energy distributions according to equation (30). The mean value, E,y, was varied for
each given value of the width of the distribution, 6E,, until the best agreement with the experimental
data was achieved. The resulting distributions are presented in the insert to the figure. It can be seen that
the calculations for 6E,./k< 400 K all reproduce the experimental data, indicating that the distribution of
activation energies does not exceed this value. In effect, in this model recombination will only occur at
the most reactive sites, which represent only a small fraction of the total. Notice that the upper limit of the
ratio 0E,/Eact < ~1/5 estimated here is wider than the spread of activation energies assumed by Guerra et
al. [52].

The present results illustrate both the power and the limitations of phenomenological models for
surface recombination. They show that exact values for activation energies and surface parameters
extracted from these models must be used with care. Nonetheless, despite some arbitrariness in the
determination of various parameters, realistic bounds can be established and the underlying “coarse-
grained” mechanism ruling recombination can be established. For instance, the inflection on the yo Vs.

[Ch] — [Cho] . lexp(_ (E_Eaﬂ)zj , (30)



(300/T ) curves, seen in both experiment (figure 10) and the model calculations (figures 11, 12 and 13)
can be ascribed to ER recombination with physisorbed atoms (reaction S4), a mechanism that can be
considered to be clearly proved.
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Figure 13. Calculated yo as a function of reverse temperature of O atoms (300/T,,) for 30 mA, for two
surface temperatures (T,,=+5°C and +50°C) and different activation energy distributions (E.) defined by
expression (29). The distributions are shown in the insert. The dashed lines correspond to the simple
Arrhenius expression (16) with E.~0.13 eV (1500 K), A=0.09 for T,, = +5°C and A=0.044 for T,, =
+50°C.

7. Recombination probability at pressures below 0.75 Torr.

The variation of the O atom loss probability as a function of discharge current is shown in Figure 14, for
pressures between 0.2 and 0.5 Torr. A strong increase with discharge current is observed, and the effect
increases as the pressure is lowered. The effect is comparable for wall temperatures of both +5° and
+50°C. Clearly these data points would not fit onto the curves of an Arrhenius plot, and thus cannot be
explained by the ER model. This increase in the surface recombination probability correlates with
increasing plasma density, and therefore increasing ion flux to the walls. As the pressure is lowered the
plasma sheaths become less collisional, so the average energy of ions arriving at the wall increases. The O
atom density is low under these conditions, so ER recombination with physisorbed atoms can be
neglected. Therefore this increase in yo must be caused by an increased density of chemisorption sites.
This implies that new chemisorption sites are generated by ion bombardment at low pressure.

This increase in chemisorption sites could be due to modification of the Pyrex surface itself, or by
surface cleaning, i.e. removal by ion bombardment of adsorbates occupying chemisorption sites. Such
processes require bombardment by ions with a kinetic energy above the energy of a chemical bond (a few
eV as minimum).
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Figure 14. The O atom loss probability, yo, for “low” pressures (< 0.5 Torr) calculated using equation
(13) as a function of discharge current. The full symbols are for a wall temperature T,,= +50°C, the open
symbols for T,,= +5°C. The lines are linear fits of the data.

The energy distribution functions (IEDF) of ions arriving at the wall were calculated using a
Monte-Carlo model for the ion transport through the plasma sheath in front of the wall. The potential drop
across the sheath corresponds to the difference between plasma and floating potentials. This difference is
always of the order of the ionization potential [57,58], since the creation rate of electrons in the bulk
(requiring at least the ionization energy) must be equal to the ion flux leaving the plasma through the
sheath to the floating walls. So, to estimate the IEDF at the wall a typical value of ~1.5xO, ionization
potential (~18 eV) was taken as the voltage drop across the sheath.

In our simple sheath model we assume that the ion flux comprises only O,", and consider both
elastic and charge-exchange collisions with O, molecules. The 1D(r) model confirms that the ion flux to
the surface is predominantly O,", the flux of O only becoming significant at the lowest pressures
(representing about 0.6 % of the total ion flux at 1 Torr, rising to 15% at 0.3 Torr). For the sake of
simplicity we only consider O," ions our Monte Carlo model. The cross-sections for O," were taken from
Babaeva et al. [60]. Charge exchange collisions create fast O, molecules, which are also traced in the
simulation, and these also undergo elastic collisions with O, until their kinetic energy approaches the bulk
gas temperature. The sheath thickness s, was estimated from the radial distribution of charged species
from the O, discharge model (see section 3) as the region where charge separation becomes significant
(more than 5%: [(No2++ No+) — (Ne + No. + Noz. +Np3z)] / (Noo+ + Nos + Nog+) > 0.05), giving s, ~ 0.1 -
0.15 cm for p <1 Torr. The O, 1D(r) discharge model predicts a radial plasma density profile that is close
to a classical Bessel radial profile, in agreement with simple dc discharge models. The plasma density at
the plasma-sheath boundary was taken from this profile. This value was used for calculation of the initial
ion flux in the Monte-Carlo model.

Figure 15a shows the energy distribution functions of ions and fast neutrals for a 30mA discharge
at three pressures. The energy distribution functions of both ions and fast neutrals are close to
Maxwellian, with a characteristic temperature that increases with decreasing pressure. The sheath is
strongly collisional even at the lowest pressure (0.2 Torr). The O, ions undergo rapid charge-exchange
collisions with O, molecules in the sheath, creating a flux of fast neutrals arriving at the wall, 0,", which
is an order of magnitude greater than the ion flux even at 0.2 Torr. These fast molecules also undergo
elastic collisions with O,, but nevertheless they still reach the wall with an energy distribution similar to
that of the ions. The fraction of energetic particles (ions and fast neutrals) with an energy above
thresholds Ey, of 3, 4.7 and 7.5 eV are presented in Figure 15b. The total flux of energetic particles, Fi,
only varies slightly with pressure for a given current, having a value of Fy ~ (2.5-3)-10" particles/(cm?s)
for 30mA current and pressures < 1 Torr.

The effect of these energetic particles on the surface will depend on their energy. Low-energy
particles cannot modify or clean the surface. They will bring a heat flux, but the wall temperature is
efficiently stabilized by the cooling system. In order to clean or modify the surface, i.e. to remove bulk or



absorbed contaminant atoms, a particle must have a kinetic energy above the bond energy between the
contaminant atom and surface or between surface atoms, corresponding to several eV. The yo data for low
pressures is also presented in figure 15b. Between 1 Torr and 0.5 Torr the value of yo hardly changes, but
below 0.3 Torr the O atom loss probability increases significantly.
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Figure 15. a) The energy distribution functions of ions (solid lines) and fast neutrals (dashed
lines) incident on the discharge walls at different pressures below 1 Torr. b) Surface recombination
coefficient as a function of pressure (T,,=+5°C: full symbols, T,,=+50°C open symbols), compared to the
fraction of energetic particles (O," ions and fast neutrals O,™") having energy above thresholds Ey: >3eV,
>4.7 eV and >7.5eV. The total flux of energetic particles, Fyy, is almost constant with pressure, having a
value ~(2.5-3)-10™ particles/(cm?s) at 30 mA. The dashed line shows the rate of increase of yo with
decreasing pressure.
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The sputtering rate of amorphous SiO, is expected to be small for the low ion energies occurring
under these conditions. Nevertheless, even at floating potential (giving ion energies up to ~10 eV, only
slightly above the Si-O bond energy (~4.7 eV)) some sputtering is possible. The generation of new
chemisorption sites due to sputtering of surface atoms could, in principle, be the cause of the increase of
the OCP) surface loss probability. However the rate of increase in yo at pressures below 0.3 Torr
correlates with the increase of the fraction of energetic particles with energies above ~3 eV. This energy
is lower than the Si-O bond energy. This supports the view that surface cleaning, perhaps with some
surface modification, is responsible for generating new adsorption sites, rather than sputtering. At the
lowest pressures it is possible that O* ions may also play a role; these ions would bring higher chemical
energy, allowing them to remove O atoms from the surface to form O, molecules.

After exposure of a surface to the atmosphere, all chemisorption sites will generally be occupied.
For hydrophilic surfaces (such as silica-based glasses) they are typically occupied by hydroxyl (OH)
radicals, along with some hydrocarbons [54]. Whereas hydrocarbons can, as rule, be removed by cleaning
procedures (for instance, by O, plasma treatment), OH removal is difficult and requires high
temperatures; under typical discharge conditions full OH surface coverage will be established. Therefore
in typical low-pressure plasma chambers chemisorption sites on the walls are occupied mainly by OH-
groups, and partly by so-called coordinated water which can attach to these groups [54]. This has been
confirmed by many surface analysis techniques (for instance, EPR and etc.). Temperatures above ~500°C
are required to start removal of surface hydroxyl groups. The characteristic density of surface —OH
groups estimated by different methods (EPR, IR absorbance) is ~(1-5)-10* for silica-based glasses [54]
and directly correlates with the density of chemisorption sites [1,5,17,52].

If we assume that the active sites are predominantly Si-OH, with bond energies of D(Si-O)~4.7

eV and D(O-H)~4.84 eV (but maybe as low as ~3-4 eV depending on the surrounding environment [54]),
we propose the following mechanism for the enhancement of O atoms surface loss by destruction of Si-
OH sites by energetic particles (ions or fast neutrals):

Si-OH + 0, (or O,) — Si-O- + products (S5)
and/or
Si-OH + 0," (or O,) — Si- + products (S6)



The Si sites created by reaction S6 can then undergo radical addition:
Si- +0 — Si-O- (S7)

The Si-O- radical sites created can then catalyse O atom recombination through a cycle of two exothermic
reactions:

Si-O- + O — Si-0-O- (S8)
$i-0-0- + O — Si-O- + O, (S9)

Reaction S9 regenerates Si-O- sites for O atom ER recombination. The feasibility of this
regeneration mechanism (Si-O-O- + O(®P) reaction on a model SiO, surface) was observed in static and
dynamic DFT (density functional theory) calculations [61]. These DFT results will be reported in a
separate paper. The regeneration mechanism for Si-O-O- sites has also been studied by Schwartzentruber
etal. [62].

Since both the cleaning probability and the sputtering yield are expected to be very low (<< 1) for
such low-energy particles, the required time for full cleaning or surface modification (i.e the characteristic
generation time of “new sites”) is expected to be rather long, probably exceeding tens or hundreds
minutes even for 0.2 Torr. Therefore, over the characteristic timescale (~ tens of minutes) of the present
experiment (and indeed other studies) such processes can lead only to slow surface modification with the
generation of new absorption sites. This is why the O(*P) surface loss probability (and therefore the
observed loss frequency) increases with discharge current at low pressures, even though both the O atom
density and the gas heating are small.

8. Conclusion
The surface recombination O(*P) atom was studied under well-controlled plasma conditions in a dc O,

discharge in a Pyrex tube. We found that the recombination probability is not simply a function of surface
temperature and composition, but also depends on the characteristics of the plasma interacting with it. We
demonstrate for the first time that gas heating in the discharge (with temperature-stabilized walls) causes
an increase of the O(*P) surface loss probability. This dependence on incident atom energy rules out a
Langmuir-Hinshelwood mechanism, in which recombining physisorbed atoms will have lost all memory
of their incident energy. However, the results are well explained by an Eley-Rideal (ER) recombination
mechanism, in which atoms from the gas phase recombine with adsorbed atoms on the surface and where
the activation energy (0.13 eV (~1500 K)) for recombination comes from the kinetic energy of the
incident atoms.

A phenomenological ER recombination model is proposed to interpret the measured O(®P) surface loss
probabilities at pressures above 0.75 Torr. The model includes recombination of incident O atoms with
both chemisorbed and weakly-bonded physisorbed atoms and is able to explain both the decrease in
recombination probability with increasing surface temperature and the observed deviations from pure
Arrhenius-law behavior. The observed O(®P) surface loss probabilities can be fitted equally well by model
assuming a spread in the activation energy of up to 8E,, < +0.017 eV (+200 K). The changes in behavior
of OCP) surface loss probability with pressure and current are caused by ER recombination with
physisorbed atoms in addition to the chemisorbed atoms that are usually assumed. Changes in the
absorption equilibrium of the physisorbed atoms induce changes in the O(®P) surface loss probability in
addition to the changes in the kinetic energy of atoms incident on wall.

For pressures below 0.75 Torr the loss probability increases strongly as the pressure is lowered
and the discharge current is increased. Discharge modeling and Monte-Carlo calculations of ion motion
show that at pressures below ~0.3 Torr a significant fraction of ions and fast neutrals incident on walls
have sufficient energy (few eV) to clean and/or modify the surface. Bombardment of the walls by
energetic heavy particles leads to the generation of new adsorption sites and explains the increase of the



loss probability with current. This effect appears to be reversible as soon as the ion flux is stopped (work
in progress): interestingly, the yo values at high pressure appear not to be affected by the history of the
tube.

Models of low-pressure oxygen discharges should therefore take into account these effects on the
atom surface loss rates. The use of simpler surface models or constant loss probability data taken from
other experiments may lead to errors. This general conclusion is likely to be valid for other radicals in
low-pressure plasmas with different chemistries.
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