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Abstract: In low-pressure plasmas commonly used in materials processing, plasma–wall
inter actions play a crucial role in the evolution of the plasma properties both over time and
across large-area wafers. We have recently studied the heterogeneous recombination of O and
Cl atoms on reactor walls in O2 and Cl2 plasmas through both experiments and modeling.
The Langmuir–Hinshelwood (i.e., delayed) recombination was investigated using a “spin-
ning-wall” technique in which a portion of the substrate surface is periodically exposed to an
inductively coupled plasma and to a differentially pumped chamber where either Auger elec-
tron spectroscopy (AES) or line-of-sight mass spectrometry (MS) is used to detect surface
and desorbing species. In this paper, a review of the various effects driving the O and Cl
atoms recombination dynamics on anodized aluminum (AA) and stainless steel (SS) surfaces
is presented. It is shown that recombination probabilities, γ, can vary following plasma ex-
posure due to surface conditioning. In Cl2 plasmas, γ was also found to depend on the Cl-to-
Cl2 number density ratio, a mechanism ascribed to a competition for adsorption sites between
Cl and Cl2. We have also determined the recombination rates of Cl atoms in Cl2 high-density
plasmas sustained by electromagnetic surface waves by comparing the measured degrees of
dissociation of Cl2 to those predicted by an isothermal fluid model. For a reactor with large
SS and quartz surfaces exposed to the plasma, γ values and their dependence on the Cl-to-
Cl2 number density ratio were consistent with those obtained from the rotating substrate tech-
nique. Similar values were obtained for plasmas sustained in a quartz discharge tube. It is ex-
pected that for plasmas sustained in or adjacent to a silica tube or plate, the Cl atoms
recombination coefficient becomes independent of chamber wall material due to reactor sea-
soning, producing a silicon-oxychloride layer. 
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INTRODUCTION

Low-temperature plasmas operated in O- and Cl-containing gas mixtures are now routinely used in ma-
terials processing. Applications of O2 plasmas include the surface activation and cleaning of polymers

*Paper based on a presentation at the 19th International Symposium on Plasma Chemistry (ISPC-19), 26–31 July 2009, Bochum,
Germany. Other presentations are published in this issue, pp. 1189–1351.
‡Corresponding author



[1], ashing of organic materials [2], and anisotropic etching of Si [3]. Cl2 plasmas are employed to etch
Si [4], metals [5], and high-k dielectrics [6] in the semiconductor industry and emerging materials such
as transparent conducting oxides [7], electro-optic oxides [8], ferroelectrics [9], and ferromagnetics [10]
of interest for the fabrication of optoelectronic, photonic, and spintronic devices. An important param-
eter to control for these applications is the number density of O and Cl atoms [11,12]. Under low-pres-
sure plasma conditions (i.e., <100 mTorr), these species are created by electron-impact dissociation of
O2 and Cl2 and are essentially lost by surface recombination processes on reactor walls and substrate
[13–15].

The heterogeneous recombination rates of O and Cl atoms have been studied by many workers
on various surfaces using a wide variety of experimental techniques. However, most methods were ei-
ther based on non-local and local atom concentration measurements (e.g., by optical emission spec-
troscopy) [16,17] or based on indirect data such as the substrate temperature increase due to the heat
deposited by the exothermic surface reaction [18]. Studies with high- or ultra-high-vacuum neutral
beams allow quantitative methods such as line-of-sight mass spectrometry (MS) or Auger electron spec-
troscopy (AES) to be used to provide sticking coefficients and product yield, surface coverage, and ac-
tivation energies. However, these conditions do not simulate very well the conditions of materials pro-
cessing where substrates are in a dynamic environment with high fluxes of reactants and simultaneous
bombardment by positive ions, electrons, UV and VUV photons. As a result, the recombination coeffi-
cients determined from beam studies for a given atom on a given material often vary by orders of mag-
nitude with respect to those obtained under dynamic plasma conditions. For example, Kota et al. [19]
found recombination coefficients for Cl atoms at 300 K of 0.2 for anodized Al and 0.7 for stainless steel
(SS) in a molecular beam experiment while the values for these materials determined in high-density
Cl2 plasma reactors are usually in the 0.01–0.04 range [20–22]. An important factor influencing the sur-
face recombination rates and thus the materials processing rates is the so-called “conditioning” or “sea-
soning” of the surface following exposure to reactive plasmas [23–26]. For example, Kim and Aydil
[27] investigated the consequences of reactor seasoning on the rate and uniformity of Si etching in an
inductively coupled Cl2 plasma. The maximum etch rate shifted from the center of the wafer in an un-
seasoned reactor to the edge of the wafer when the walls were fully passivated, in this case with a
SiOClx film.

A “spinning-wall” technique was recently developed for studying surface reactions on plasma re-
actor walls [28–37]. This method couples the established ultra-high-vacuum techniques of desorption
MS and AES to the high-pressure, high-charge-density plasma environment. A small, cylindrical sub-
strate is rapidly rotated through skimmers such that a point of the surface is periodically exposed to the
plasma and is analyzed in near real-time by surface diagnostics in separate, differentially pumped cham-
bers. This paper reviews and compares previously published spinning-wall studies of the recombination
dynamics of O and Cl atoms on plasma-conditioned AA and SS surfaces [28–35]. Cl atom recombina-
tion rate was also obtained by fitting an isothermal fluid model to measured degrees of dissociation of
Cl2 obtained in low-pressure, high-density Cl2 plasmas sustained by traveling electromagnetic surface
waves.

DESCRIPTION OF THE SPINNING-WALL APPARATUS

A schematic of the spinning-substrate apparatus used in this work is shown in Fig. 1. An inductively
coupled plasma (ICP) operating at 13.56 MHz is ignited in a fused silica discharge tube and then ex-
pands into a processing chamber with AA walls. The lower end of the ICP source is surrounded by an
electromagnet to confine the plasma in the downstream region. Experiments were performed in O2 and
Cl2 plasmas for pressures in the 1.25–20 mTorr range and ICP powers between 100 and 600 W. The
pressure was varied by adjusting a throttle valve located at the entrance of the pumping system.
Langmuir probe and optical emission spectroscopy investigations of this plasma in O2, Cl2, and Cl2/O2
mixtures were presented in previous publications [28,31,36]. 
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The cylindrical substrate made of or coated with the material of interest is located in the first dif-
ferentially pumped “substrate chamber” between the plasma chamber and an ultra-high-vacuum diag-
nostic chamber. In this work, two types of substrates were used: AA and electropolished SS (304L).
Both AA and SS substrates can be rotated at speeds up to 100000 rpm by a brushless motor with ce-
ramic bearings (Koford). A conical skimmer and differential pumping reduce the pressure in the sub-
strate chamber by a factor of a thousand relative to the pressure in the plasma chamber. A further three-
orders-of-magnitude pressure reduction is achieved in a second differentially pumped chamber with a
similar conical skimmer. This chamber can house either an AES (Staib Instruments, DESA 150) for
measurements of the surface composition or a third differentially pumped chamber with an MS (Extrel,
0–400 amu) for measurements of products desorbing from the substrate. For MS investigations, a
100 Hz tuning fork chopper was used to extract the line-of-sight component (chopper-open minus chop-
per-close) from the measured line-of-sight plus background signals [28]. 

In some experiments, a separately radio frequency (RF)-biased (13.2 MHz), water-cooled elec-
trode with a thermally bonded Si wafer was installed in the processing chamber below the ICP source
region [35]. This powered electrode was used to deposit Si on the spinning substrate (and chamber
walls) while it is being rotated and analyzed by AES. To study the effect of trace amounts of metallic
species on the recombination dynamics, a custom thermal evaporation source was installed in the sub-
strate chamber [35]. In this work, high-purity Cu wires (Sigma Aldrich, 99.999 %) were used as the
deposition source. For all experiments, the temperature of the filament was set to 1235 K, producing a
Cu impingement flux on the spinning substrate of about 4.7 × 1011 cm–2 s–1. 
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Fig. 1 Schematics of the spinning-wall apparatus, including an ICP reactor, and differentially pumped chamber
containing either an AES or a line-of-sight, chopped MS, as shown in the expanded views (left). The plasma and
intermediate chambers are separated by skimmers for differential pumping. The schematic also shows the
evaporation source for Cu deposition and the Si etching stage.



DETERMINATION OF RECOMBINATION COEFFICIENTS USING THE SPINNING-WALL
TECHNIQUE

Recombination of O atoms on plasma-conditioned AA and SS 

As illustrated in Fig. 2, points along the mid-circumference of the substrate surface repeatedly enter the
plasma, and some reactive species (e.g., O atoms) adsorb. Surface recombination reaction then leads to
the formation and desorption of reaction products (e.g., O2). These products can be detected either by
an increase of the line-of-sight MS signal [28,29] or through a pressure rise measured with an ultra-
high-vacuum ionization gauge in the AES chamber [32]. The dominant reaction product measured by
MS following exposure of the substrate to an O2 plasma was O2 at m/z = 32 [28]. An example of the
increase of the line-of-sight MS signal of O2 as a function of substrate rotation frequency, f, for a
5 mTorr, 600 W O2 plasma is shown in Fig. 3. The AES pressure rise obtained under comparable con-
ditions for AA and SS surfaces are also shown for comparison. For AA, the O2 MS signal and the AES
pressure rise are seen to increase similarly with f, indicating that the pressure rise in the Auger cham-
ber is a good indicator of the desorption flux of O2 molecules following heterogeneous recombination
of O atoms. At all substrate rotation frequencies, the pressure rises are higher for SS than for AA; we
will come back on this point later on. One should note that when the substrate was spun with the plasma
off, no increase was observed with rpm for both AA and SS substrates [28,34]. This indicates that, in
our experimental conditions, O2 (unlike Cl2) [31,34] does not stick to the surface and therefore does not
participate in the recombination reaction. 

As discussed previously [28,31] and illustrated in Fig. 2, the experiments described above only
detect Langmuir–Hinshelwood (LH) recombination reactions. In this case, O atoms adsorbed in a
weakly bound (or physisorbed) state can diffuse on the surface before recombining with a more strongly
bound (or chemisorbed) O atoms, allowing a substantial time between O adsorption and O2 desorption.
On the other hand, prompt Eley–Rideal (ER) recombination reactions between a gaseous atom and an
adsorbed atom occur, if at all, during plasma exposure and are therefore not detected by MS or through
a pressure rise in the Auger chamber. Based on the work of Kim and Boudart [38], Kota et al. [39], and
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Fig. 2 Schematic of the O adsorption and O2 desorption following ER and LH recombination reactions. Prompt ER
reactions occur, if at all, during plasma exposure and are therefore not detected by MS or through a pressure rise
in the Auger chamber.



Guerra [40], one can nonetheless reasonably expect LH to dominate over ER for the sample tempera-
ture investigated here (~310 K as measured through a ZnSe window with a pyrometer) [28]. 

To extract surface reaction kinetics, the rotation-frequency-dependent MS signals and Auger pres-
sure rises due to LH recombination presented in Fig. 3 were converted into absolute desorption fluxes,
Drec, using a calibration technique described elsewhere [31,32,34]. Drec values vs. reaction time, tr, are
shown in Fig. 4 for AA and SS substrates. The reaction time is defined as the time taken for a point on
the surface to rotate from the midpoint of plasma exposure to the midpoint of the region probed by MS
and AES, i.e., tr = (2f)–1. The shortest tr was 0.8 ms, corresponding to a rotation speed of 35000 rpm.
For comparison, we have also plotted the Drec values for a silicon oxide surface sputter-deposited on
top of an Al substrate. Details on the experimental conditions for sputter-deposition can be found in ref.
[35]. Since the results for AA and SS were obtained in different plasma conditions than those for SiOx,
and thus involved different O impingement fluxes, ΓO, (ΓO = 5.8 × 1016 cm–2 s–1 for AA and SS [28];
ΓO = 5.1 × 1016 cm–2 s–1 for SiOx [35]), Drec values were normalized by ΓO. All curves presented in
Fig. 4 show a non-exponential decay with increasing tr. It was previously shown that this non-expo-
nential behavior results from a mechanism in which O atoms recombine at differing rate on the surface
at a distribution of sites [28,29,31]. The fast rate of recombination and desorption at short times indi-
cates that a majority of surface sites are relatively efficient in recombining O, while the long tail is a re-
sult of the presence of a smaller fraction of sites where recombination is slower.  Figure 4 further shows
that despite the expected difference in the chemical and structural properties of each material in the
near-surface region (AA surfaces are rough while electropolished SS surfaces are smooth) [34], all ma-
terials are characterized by a similar decrease of Drec/ΓO with increasing tr, suggesting a similar distri-
bution of binding energy sites.

The LH recombination coefficient of O atoms was determined by extrapolating the Drec/ΓO val-
ues displayed in Fig. 4 to tr → 0 to obtain the desorption flux at pseudo-steady-state condition, Drec

tr → 0,
where the rotation frequency is much faster than the rate-limiting step in O recombination and desorp-
tion [31]. In such conditions, it is as though the sample is continuously in the plasma and the O2 des-
orption flux becomes independent of reaction time. LH recombination coefficients were then deter-
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Fig. 3 Example of increase in the line-of-sight MS signal (filled symbol) and pressure rises in the Auger chamber
(open symbols) as a function of substrate rotation frequency for AA and SS surfaces following their exposition to
a 5 mTorr, 600 W O2 plasma. The MS signals were scaled to match the pressure rise scale.



mined from the relationship γO = 6Drec
tr → 0/ΓO, where the factor of 6 arises from the fact that there are

2 O atoms per O2 molecules, divided by 1/3, the fraction of time that a point on the surface of the spin-
ning substrate is exposed to the plasma per rotation. 

Plots of Drec vs. tr were measured and the recombination coefficients were determined using the
above analysis for a wide range of plasma conditions (1.25–20 mTorr, 100–600 W) and thus for a wide
range of O impingement fluxes. These results were reported in previous publications [32,33], only the
highlights are recalled here. For SS, Fig. 5 shows that γO was 0.09 ± 0.01 and was independent of ΓO,
indicating that the recombination reaction is first-order. Similar first-order behaviors for O atoms re-
combination were observed on pyrex, silica [41], and metal oxide surfaces (Cr2O3, Mn2O3, Fe2O3,
Co3O4, NiO, Cu2O, CuO, ZnO, CdO, and MgO) [42]. In the case of AA, recombination coefficients
varied from γO = 0.06 ± 0.02 in the limit of low O flux (ΓO ≤ 1 × 1016 cm–2 s–1) to γO = 0.04 ± 0.02

0.01 at
ΓO = 7.5 × 1016 cm–2 s–1. These values are comparable to the γO = 0.04 ± 0.01 value found on a sput-
tered silica surface [33]. 

The recombination probabilities for SS and AA displayed in Fig. 5 are much lower than those ob-
tained in plasma chambers exclusively made of AA or SS, but similar to values recorded in systems with
large silica surfaces exposed to the plasma. For example, Booth and Sadeghi [16] found γO = 0.5 in an
electron cyclotron resonance plasma with SS walls. Similar values (γO ~ 0.4–0.6) were obtained for SS
by Hsu et al. [43] in an ICP reactor with a Faraday shield to prevent erosion of the dielectric window
due to capacitive coupling with the coil. The values found by the same group of authors were much
lower and comparable to the ones determined from the spinning-wall technique when the Faraday shield
was not present (γO ~ 0.1) [44,45]. Similar values for SS were found by Mozetic and Zalar [46]
(γO = 0.07) in a cylindrical ICP sustained in a glass discharge tube and Matsushita et al. [47] (γO = 0.1)
in the downstream region of a helicon plasma. The observation of low recombination coefficients on
plasma-conditioned AA and SS surfaces with respect to those obtained on “bare” SS and AA result
from the coating of sputtered silica on chamber walls due to the erosion of the silica discharge tube and
viewports and the much lower γO values on SiOx surfaces (e.g., γO = 0.04 for sputtered silica, see Fig. 5)
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Fig. 4 Desorption flux, Drec, derived from the data in Fig. 3, for O2 formed by O atom recombination as a function
of tr (reciprocal of twice the rotation frequency) while the surface was exposed to a 5 mTorr, 600 W O2 plasma.
Plot of Drec vs. tr for a sputtered silica surface exposed to a 1.5 mTorr, 400 W O2 plasma are also shown for
comparison. For clarity, Drec values were normalized to the O atom impingement flux, ΓO. 



[33]. Near real-time elemental analysis by in situ AES confirmed that the SS and AA surfaces became
rapidly coated with a Si-oxide-based layer (Fe:Al:Si:O ≈ 1:1:3:8 for SS and Al:Si:O ≈ 2:1:3 for AA)
[30,32]. The absolute concentration of Si determined by AES was comparable for SS (20 %) and AA
(17 %) substrates, suggesting that the higher Auger pressure rises and thus the higher recombination co-
efficients for SS result from the presence of Fe on the surface. We will come back to this point.

Besides the erosion of the quartz discharge tube and viewports, other important contaminants for
recombination reactions on chamber walls are the materials being processed [48,49]. For example, it
has been found that the photoresist etching rate in a capacitively coupled O2-based plasma decreases
after the reactor has been exposed to Cu-containing wafers [50]. Also, the local photoresist etching rate
in this reactor was depressed opposite to a Cu coupon attached to the upper electrode [50,51]. In ref.
[33], we examined the effect of Cu contamination on the recombination dynamics of O atoms. To this
end, trace amounts of Cu were deposited on the SiOx surface using an in situ thermal evaporation source
located in the first differentially pumped chamber (see Fig. 1). As in Figs. 3 and 4, the recombination
coefficient was determined by measuring the pressure rise in the Auger chamber as a function of reac-
tion time probed by changing the substrate rotation frequency and by extrapolating Drec to tr → 0. The
highlights of this study are presented in Fig. 6 where γO values are shown as a function of total Cu dose
varied by increasing the exposure time to the evaporation source for a given filament temperature.
Deposition of a small fraction of a monolayer (1 ml = 1.8 × 1015 cm–2 for SiO2) produced an increase
of 60 % of γO (γO = 0.07) over the Cu-free surface (γO = 0.04). With the first few doses, Cu was not de-
tected on the surface, as it was below the detection limit of our Auger spectrometer (0.1 ml). Much
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Fig. 5 Recombination coefficient of O atoms on plasma-conditioned SS (top) and AA (bottom) surfaces as a
function of O flux varied by changing the plasma pressure and ICP power (adapted from refs. [32,33]). 



larger doses (up to 4 × 1015 cm–2) resulted in detectable Cu (0.8 atom %, averaged over a ~3 nm depth
probed by AES) but produced no further increase of γO. These results indicate that Cu catalyzes the re-
combination of O atoms in a LH reaction. The catalytic action of Cu is well known and is believed to
result from its ability to change between the +1 and +2 oxidation states [52–55]. Fe is known to behave
similarly, cycling between Fe2+ and Fe3+ [56]. This suggests that the higher recombination coefficients
displayed in Fig. 4 for SS coated with sputtered silica with respect to those obtained on pure sputtered
silica results from the presence of Fe on the surface playing a catalytic role similar to that of Cu.

Recombination of Cl atoms on plasma-conditioned AA and SS

Following the experiments in the O2 plasma, the SS and AA substrates were exposed to a Cl2 plasma
for several hours and then analyzed by AES. As reported by several authors (see, e.g., refs. [57,58]),
the surface became coated with a Si-oxychloride-based layer (Fe:Si:O:Cl ≈ 1:13:13:3 for SS and
Al:Si:O:Cl ≈ 3:3:8:1 for AA) [30,34] due to Cl adsorption and the erosion of the silica discharge tube.
In the case of AA, previous AES investigations indicated that the steady-state surface composition when
going from a pure O2 to pure Cl2 plasma is reached in less than 300 s [37]. The absolute concentration
of Si on the SS surface (45 %) was higher than on AA (22 %). The concentration of Cl was also larger
(8.4 vs. 6.6 %), suggesting that the Si and Cl impinging species have a larger sticking probability on SS
than on AA, or that these species diffuse into the more porous anodized Al coating, where they become
undetectable by AES. 

As in the section above, analysis of the products desorbing from these plasma-conditioned sur-
faces was performed through measurements of the increase of the line-of-sight MS signal [32] or
through a pressure rise in the AES chamber [34]. The only desorption product measured by MS was Cl2
(i.e., no Cl, AlClx, or SiClx desorb) [31]. An example of pressure rise vs. substrate rotation frequency
is shown in Fig. 7 for the plasma-conditioned SS substrate for a 20 mTorr Cl2 pressure with the plasma
off and on (600 W). Unlike for O2, a rotation-frequency-dependent pressure rise was observed for Cl2
with the plasma on as well as off. Desorption of Cl2 with the plasma off can be attributed to either the
physisorption–desorption of Cl2, or another mechanism involving dissociative adsorption of Cl2 fol-
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Fig. 6 Recombination coefficients of O atoms on oxidized Si measured before and after successive Cu doses of
1.4 × 1013, 2.8 × 1013, 5.6 × 1013, 1.4 × 1014, 8.4 × 1014, and 3.4 × 1015 cm-2 (adapted from ref. [35]).



lowed by surface recombination of adsorbed Cl atoms and desorption of Cl2. The approach to extract
the portion of the pressure rise with the plasma on that is due to LH recombination of adsorbed Cl
atoms, ΔPrec, was described in details previously [30]. It was calculated according to ΔPrec = ΔPon –
(non

Cl2
/noff

Cl2
) ΔPoff, where ΔPon and ΔPoff are the pressure rises with the plasma on and off, respectively.

The net Cl2 desorption due to Cl atoms recombination, Drec, was then calculated using the same cali-
bration procedure as for O atoms recombination. Finally, the recombination coefficient was obtained
from the relationship γCl = 6Drec

tr → 0/ΓCl, where Drec
tr → 0 is the net desorption due to LH recombination

extrapolated to tr = 0 and ΓCl is the Cl atoms impingement flux [31].
Plots of Drec vs. tr measured for a wide range of plasma conditions (1.25–20 mTorr, 100–600 W)

were reported in refs. [31,34]. The recombination coefficients determined from these graphs using the
above analysis are summarized in Fig. 8 as a function of the Cl/Cl2 number density ratio. For SS, γCl
ranged from 0.004 to 0.03 and increased with Cl-to-Cl2 number density ratio. A similar behavior was
observed on plasma-conditioned AA; γCl values reported are however larger by about a factor of 2. As
expected, these values are much lower than those obtained by Kota et al. [19] for bare SS (γCl = 0.7)
and bare AA surfaces (γCl = 0.2) due to the coating of sputtered silica on chamber walls and the much
lower recombination coefficients of Cl atoms on silica-based surfaces (γCl < 0.005) [39]. The lower val-
ues of γCl on the plasma-conditioned SS surface can probably be attributed to the higher Si coverage
(45 % for SS vs. 21.5 % for AA) and the smoother surface morphology [34]. 

The peculiar behavior of γCl vs. Cl/Cl2 number density ratio presented in Fig. 8 is in sharp con-
trast to the result obtained for O atoms recombination displayed in Fig. 5 where γO was found to be first-
order with respect to the O impingement flux. Unlike O2, a substantial amount of Cl2 adsorption and
desorption was observed with the plasma off [31,34]. Therefore, with the plasma on, Cl2 adsorption can
block sites for Cl adsorption and LH recombination. For a given Cl number density, γCl thus decreases
as the Cl2 number density in the plasma increases. Over the range of experimental conditions investi-
gated here (1.25–20 mTorr; 100–600 W), no competition for adsorption sites between O and O2 was
observed. It is possible, however, that this effect could begin to occur in plasmas with large concentra-
tions of O2 and much lower O/O2 number density ratios. For example, Tserepi and Miller [59] found
that γO decrease with O2 pressure increasing from 100 mTorr to 3 Torr. In our case, the estimated O-to-
O2 number density ratios are in the 10–3–10–1 range [28], which is similar to the ones estimated for the
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Fig. 7 Pressure rise measurements for a plasma-conditioned SS substrate for a 20 mTorr, 600 W Cl2 plasma as a
function of substrate rotation frequency. Pressure rises with the plasma off are also shown for comparison (taken
from ref. [34]).



conditions of Tserepi and Miller. This suggests that nO/nO2 and nCl/nCl2 are not the only parameters to
consider; the absolute number densities of O2 or Cl2 impinging on the surface also play important roles
in the recombination dynamics. 

DETERMINATION OF THE RECOMBINATION PROBABILITY THROUGH MODELING

Recombination of Cl atoms in a large-volume high-density Cl2 plasma reactor with
large SS and silica surfaces exposed to the plasma

To further validate the recombination coefficients determined from the rotating substrate technique and
its dependence on the plasma properties, we have compared the degree of dissociation measured in a
high-density Cl plasma sustained by a 190 MHz electromagnetic surface wave to those predicted by an
isothermal fluid model. Details on this plasma reactor, the model, and the recombination coefficients
presented here can be found elsewhere [21,34,60]. The plasma is created in a 14.6-cm-diameter fused
silica tube and expands from the source region into a large 28-cm-diameter SS processing chamber.
Both in the source region and the downstream chamber, the plasma can be confined by the action of an
axial magnetic field. Depending on gas pressure and magnetic field intensity, electron densities and
temperatures in the downstream region of this reactor are in the 109–1011 cm–3 and 2–4 eV range, re-
spectively. The gas temperature measured by plasma-sampling MS and determined from the C3Πu ν =
0 → B3Πg ν = 0 emission rotational spectra of N2 inserted as a tracer [61] was close to room tempera-
ture. The degree of dissociation of Cl2 molecules determined by plasma-sampling MS [60] and actin-
ometry on Cl2 molecules using Xe as the actinometer gas and the zero-power extrapolation technique
[62] are shown in Fig. 9 as a function of gas pressure. 

These data were fitted to the predictions of a fluid model in which the particle balance equations
for electrons, Cl, Cl2, Cl+, Cl2

+, and Cl– are solved together with the corresponding flux equations and
the energy balance equations. The reaction set used was taken from Lee and Lieberman [15]. For sim-
plicity, the plasma was assumed isothermal, which means that the electron temperature was considered
as spatially uniform. This model was found to adequately predict the influence of gas pressure, mag-
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Fig. 8 Recombination coefficient of Cl atoms on plasma-conditioned SS (filled symbols) and plasma-conditioned
anodized Al (open symbols) as a function of the Cl-to-Cl2 number density ratio varied by changing the plasma
pressure (1.25–20 mTorr) and ICP power (100–600 W). Inverted triangles, triangles, circles, and squares
correspond to 20, 10, 5, and 1.25 mTorr pressures. Dashed lines are to guide the eye only (taken from refs. [31,34]).



netic field intensity, and injected power on the electron number density, electron temperature, and num-
ber density of the dominant positive ion species [21]. As for the degree of dissociation of Cl2, given that
electron density and electron temperature are well computed, the only parameter that needs to be ad-
justed is the recombination coefficient of Cl atoms on chamber walls. Figure 9 shows the percent dis-
sociation of Cl2 predicted by the model for different values of γCl. Over the wide range of pressures
studied, none of the model curves seem to adequately fit the experimental data. As pressure increases,
the value of γCl needed to fit the measurement increases. This observation is consistent with the results
obtained from the spinning-wall experiments displayed in Fig. 8. In addition, for comparable Cl-to-Cl2
number density ratio, the absolute values of γCl are also in good agreement. These values are also com-
parable to the ones obtained by Malyshev et al. [22] (γCl = 0.04 for nCl/nCl2

~ 30) and by Corr et al. [63]
(γCl = 0.02 for nCl/nCl2

~ 3) in highly and moderately dissociated Cl2 ICP and by Richard and Sawin
[64] (γCl = 0.007 for nCl/nCl2

~ 0.08) in a weakly dissociated capacitively coupled plasma.

Recombination of Cl atoms in a small-volume, high-density Cl2 plasma reactor
sustained in quartz discharge tube

An approach similar to the one used in the section above was employed to extract the recombination
coefficient of Cl atoms in a discharge tube. The plasma under investigation was produced in a 6-mm in-
side diameter fused silica tube by a propagating surface wave at 2.45 GHz [65,66]. The line-integrated
electron density measured with phase-sensitive microwave interferometry [67], the percent dissocia-
tions of Cl2 determined by actinometry on Cl2 molecules using Xe as the actinometer [62] and the elec-
tron temperature, Te, obtained by trace-rare-gas optical emission spectroscopy (TRG-OES) [68] are
shown in Fig. 10 as a function of axial distance with respect to the wave launcher for a 50 mTorr, Cl2
plasma. The absorbed (i.e., incident minus reflected) power was 60 W, producing a plasma approxi-
mately 15 cm long. 

The measured line-integrated electron densities presented in Fig. 10a were used as inputs in the
isothermal fluid model described in ref. [21]. For a given electron density (and thus for a given axial
position), the Cl atom recombination coefficient was varied between 10–3 and 10–1 to match the meas-

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 6, pp. 1301–1315, 2010

Surface recombination in O2 and Cl2 plasmas 1311

Fig. 9 Influence of gas pressure on the degree of Cl2 dissociation in a Cl2 high-density plasma sustained by
traveling electromagnetic surface waves in an SS chamber with large amount of silica exposed to the plasma.
Dashed lines are the predictions of a fluid model for different values of γCl (taken from refs. [21,34]).



ured percent dissociation of Cl2 (Fig. 10b). The values of Te and γCl deduced from this fit are shown in
Fig. 10 vs. axial distance. Considering that uncertainties on Te determination from TRG-OES exceed
1 eV at high electron temperatures [68], Te values deduced from the model are in very good agreement
with measured values. In the range of experimental conditions investigated, γCl ranges from 0.02–0.04.
For example, at z = 1 cm, γCl ~ 0.042 while at z = 13 cm, γCl ~ 0.026. These values are much higher
than those reported for a smooth, annealed quartz surface at 300 K after long exposure to a Cl atomic
beam (γCl < 0.005) [19,69] and are in fact closer to those found for AA and SS surfaces at high Cl-to-
Cl2 number density ratio (0.02–0.08, see Fig. 8). In those studies, AES analysis revealed that the spin-
ning wall became coated with an SiOxCly layer, due to erosion on the quartz discharge tube after oper-
ating the plasma for periods long enough to attain a “conditioned” steady-state surface. It is expected
that the quartz tube used in the surface wave plasma study also eroded and roughened, therefore, the de-
posited SiOxCly layer on the tube would be expected to behave like those in the spinning-wall studies
and not as a smooth quartz surface. It is likely that the Cl recombination coefficient will be independ-
ent of chamber wall material in any type of plasma that is sustained in or adjacent to a silica tube or
plate.

In Fig. 10, γCl slightly decreases as we move away from the wave launcher. It is, however, a rel-
atively small effect that could just be within the uncertainty of the experimental data and the fitting op-
eration. It cannot be attributed to the dependence of γCl on the Cl-to-Cl2 number density ratio presented
in Fig. 8 since the percent dissociation of Cl2 was fairly constant axially (see Fig. 10b). It could be at-
tributed to some temperature dependence of γCl. An increase of γ with gas temperature was observed
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Fig. 10 Axial profile of the line-integrated electron density (a), Cl2 percent dissociation (b), electron temperature
(c), and Cl atoms recombination coefficient (d) for a 50 mTorr, Cl2 plasma sustained by propagating
electromagnetic surfaces in a quartz discharge tube. The Te values predicted by the model are also shown for
comparison.



by Wickramanayaka et al. [70] for the recombination of O atoms on pyrex in the downstream flow of
an O2 RF discharge. A similar result was found by Greaves and Linett [41]: γO increased from
1.6 × 10–4 at 20 °C to 1.4 × 10–2 at 600 °C. For a 50 mTorr, Cl2 plasma, the gas temperature determined
from the measured ro-vibrational emission spectra of N2 inserted as a tracer [61] decreased with in-
creasing axial distance, going from 612 ± 20 K near the wave launcher to 504 ± 20 K near the end of
the plasma column. It is, however, difficult to estimate how Tg links to the actual wall temperature and
thus to determine if the observed fall off of γCl with distance results can be attributed to temperature ef-
fects.

CONCLUSION

In summary, we have observed the recombination of O and Cl atoms on dynamic SS and AA surfaces
in inductively coupled O2 and Cl2 plasmas using the spinning-wall method. Overall, γ values were much
lower than those expected for “bare” SS and AA surface due to the formation of a Si-oxide-based layer
due to the slow erosion of the fused silica discharge tube. For O atoms recombination, we observed an
increase of γO with the presence of Fe and Cu on the surface. These results were attributed to the strong
catalytic activity of Fe and Cu due to their ability to change between two oxidation states. For both AA
and SS surfaces, the recombination probability of Cl atoms was found to increase with the Cl-to-Cl2
number density ratio, a result that can be ascribed to a competition for adsorption sites between Cl2 and
Cl. We have also determined the recombination rates of Cl atoms in Cl2 high-density plasmas sustained
by electromagnetic surface waves by comparing the measured degree of dissociation of Cl2 to those pre-
dicted by an isothermal fluid model. For a reactor with large SS and quartz surfaces exposed to the
plasma, γ values and their dependence with nCl/nCl2

were consistent with those obtained from the ro-
tating substrate technique. Similar values were also obtained for plasmas sustained in a quartz discharge
tube. It is likely that the Cl recombination coefficient will be independent of chamber wall material in
any type of plasma that is sustained in or adjacent to a silica tube or plate.
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