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Comparison of glow discharge cleaning and ion-impact desorption

of stainless steel
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Nuclear Engineering Program, University of Illinois, Urbana, Illinois 61801
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The effects of glow discharge cleaning (GDC) and ion-impact desorption (IID) of impurities on
302 stainless steel were compared using Auger electron spectroscopy (AES). Hydrogen GDC
was done in a chamber attached to the Auger microprobe allowing transfer in vacuo to lessen
recontamination. GDC removed the surface hydrocarbon layer, but deposited many constituents
of the cathode and surrounding areas onto the sample. It also induced a high concentration of
carbon which extended beyond the surface layer. The extent of the carbon layer varied with the
prior treatment of the surface. IID is shown to maintain a higher surface purity. The feasibility of
helium IID as an after-opening or between-shot cleaning technique for magnetic fusion

experiments is discussed.

I. INTRODUCTION

The presence of adsorbed gas in magnetic fusion devices is
problematic; it degrades plasma parameters.! Discharge
cleaning is often used to alleviate this problem.? Thus the
surfaces are subjected to neutral and ion bombardment.
Though hydrogen GDC is accomplished primarily through
chemical processes,® the bombardment also removes surface
constituents under certain conditions. Contaminants, vola-
tile compounds, and bulk material from the same and other
regions of the discharge are redeposited* onto the very sur-
face being cleaned. This recycling may be caused by ioniza-
tion in the discharge,’ and subsequent acceleration through
the plasma sheath back toward the surface. The cleaning
phase in fusion devices often lasts for weeks, wasting valu-
able machine time and discouraging future vacuum-vessel
openings.

Another cleaning technique which subjects surfaces to ion
bombardment is ion-impact desorption (IID) through the
use of an energetic (1-3 keV) ion beam. Impurities are de-
sorbed and some of the bulk surface material is sputtered.
IID is extensively used prior to microsurface analysis and
typically adds only the bombarding species onto the surface
being cleaned. The desorbed and sputtered atoms form vola-
tile compounds or are removed to less critical surfaces.

GDC and IID are also used extensively in substrate prep-
aration and film deposition, and have been the subject of
many investigations aimed at understanding or improving
the production of semiconductor devices.®® Plasma etching
of silicon has been simulated by ion beams and studied in situ
with an experimental setup similar to the one used here.'%!!

To ascertain the usefulness of direct IID in cleaning mag-
netic fusion devices, the effects of both cleaning techniques
need to be compared under controlled conditions. In this
paper, atomic concentrations and depth profiles of the non-
hydrogenic species near the surface of stainless steel samples
cleaned by GDC versus IID methods are presented, surface
removal rates are calculated, and geometrical limitations are
discussed.
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Il. EXPERIMENTAL

Figure 1 shows a schematic of the apparatus. A simple
sample-introduction/glow discharge chamber was attached
to a Physical Electronics Model 545 scanning Auger micro-
probe so that a sample stage could be transferred, under
vacuum, between the two chambers. The transfer rod was
made with a Teflon insert to electrically isolate the 230 4 10
cm?, 240 + 5 g aluminum sample stage from the chamber.

The samples mounted in positions 3 and 4 were 20 mil
thick 1 cm X 1.5 cm 302 stainless steel. Two graphite samples
were mounted in positions 1 and 2. All four samples were
held in position by small copper clips. The stainless steel
samples were cleaned prior to vacuum introduction follow-
ing a standard cleaning procedure'?: ethanol wipe, deionized
water rinse, 15 min Alconox ultrasound, 15 min ultrasonic
deionized water rinse, 1 h 125 °C bake.

IID was accomplished using a 1 keV argon or helium ion
beam mounted in the Auger chamber. The beam was in-
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clined 42.5° with respect to the sample normal and had a
current density of either 56.6, 52.0, or 35.6 + 0.5 uA/cm?.
All results shown have been normalized to the higher (56.6
1A/cm?) current density. Auger analysis was performed in
a vacuum of 10~ Torr using a 3 keV electron beam and a
peak-to-peak modulation voltage of 6 V.

For the GDC, the anode was a 20 mil thick, 4.5 cm diam
stainless steel disk positioned 3 cm above the center of the
sample stage. The cathode was the sample stage. It was con-
nected to an electrical feedthrough by a stainless steel sliding
contact. Two other feedthroughs were used as Langmuir
probes. One was positioned about 1 cm above sample posi-
tions 3 and 4 (see Fig. 1), just above the plasma sheath. The
other was about 3 cm from the side of the sample stage. The
exposed probe tips were 0.2 + 0.01 cm long, 20 mil diam
tungsten wire. The sample stage and anode were biased inde-
pendently with respect to the vacuum vessel (ground) by
current limiting high voltage supplies. The samples were
subjected to four hydrogen abnormal (cathode covered)
glow discharges'? lasting 30, 100, 20, and 35 min, respective-
ly. The electron densities and temperatures were determined
from Langmuir probe characteristics'* and varied from 1 to
4% 108 cm~? and 2.2 to 4.5 eV. The pressure was 1.0 + 0.05
Torr in the first and fourth discharge, but varied from 1 to
2.3 Torr in the middle discharges. A current density on the
cathode of 290 £ A /cm? was maintained in all the discharges.
The cathode-fall potential ¥, ranged from — 250to — 310
V, the cathode-fall length L was 0.7 + 0.2 cm, and the float-
ing potential was closeto O V.

Atomic concentrations were determined by dividing the
peak heights by the Auger sensitivity.'> This assumes a lin-
ear relationship which is strictly true only at low and moder-
ate (309%) concentrations.'® The atomic concentrations
during the profiles were calibrated by using a least-squares
fit to all the corresponding initial and final atomic concen-
trations. The errors in the atomic concentrations are on the
order of 20% and arise from several sources: the uncertainty
in the Auger peak heights, uncertainty in the sensitivity fac-
tors, uncertainty in the calibration of the profile data, and
the differing escape depths of the Auger electrons.

Quantifying the depth of the profile is more difficult. A
sputter rate of 16.8 + 0.8 A/min was determined for Ta,Oj
by sputtering a 1000 A Ta, O, on Ta layer with the same 56.6
1A/cm?, 1.0 keV Ar beam. Interpolation to the stainless
steel samples used here requires knowledge of the relative
sputtering yields for the particular incident beam energy and
angle. Due to the uncertainties which this and altered layer
effects!” may introduce, the profiles were left in terms of
sputtering time. The maximum depth resolution, set by the
mean escape depth of the Auger electrons'® for the elements
of interest, is 6-8.5 A.

lll. RESULTS

Argon IID was primarily used in these experiments to
speed data collection. It gave similar results to helium IID.
Helium IID is recommended for fusion applications. IID by
argon was used on a stainless steel sample after the standard
cleaning procedure. The atomic concentrations and Auger
depth profile are shown in Fig. 2(a). The shape of the initial
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FI1G. 2. Atomic concentration of 302 SS as a function of time during
56.6 + 0.5 uA/cm? 1000 eV Ar* bombardment: (a) after standard chemi-
cal cleaning procedure and (b) after 300 s of 1 keV Ar-ion bombardment
followed by gas exposure.

carbon peak was indicative of hydrocarbon bonds, while the
final shape was indicative of carbide bonds.'® Auger analyses
are consistent with the known bulk composition of the alloy,
but indicate a much larger C concentration which can arise
from several sources. This concentration is greatly enhanced
by altered layer formation; in the steady state, the surface
concentrations of the elements must be proportional to their
bulk concentrations divided by their sputtering yields'® and
carbon has a low sputtering yield of 0.8 atoms/ion.'>?° The
C atomic concentration is also increased by segregation of C
to the surface during prior treatment. Even the relatively low
125 °C temperature used in the prevacuum cleaning proce-
dure is enough to enhance surface segregation of carbon in
steel.?! This effect has been well documented in other al-
loys.?? Further, the removal rate (A/min) will be lower
where the concentration of C is the highest, effecting the
depth resolution and shape of the C profiles.

In order to examine the possible contamination inherent
in the vacuum transfer process, an already IID sputter-
cleaned sample was transferred to the glow discharge
chamber, exposed to 1 Torr of H,, and returned. The result-
ing Auger profile is shown in Fig. 2(b). Some contamina-
tion, possibly resulting from CO and H,O exposure is
shown.

GDC in hydrogen was performed on two samples with
different prior cleaning treatments. Analysis of a sample
which underwent the standard cleaning procedure and was
then H, GDC for the entire 185 min, is shown in Fig. 3(a).
Although the surface C is reduced, Cu, Al, N, and S appear,
indicating that redeposition from other surfaces has oc-
curred. Some O contamination is also shown. The similarity
to the results shown in Fig. 2 (b) suggest this may result from
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F1G. 3. Atomic concentration of 302 SS as a function of time during
56.6 + 0.5 uA/cm® 1000 eV Ar* bombardment: (a) after 185 min of GDC
and (b) after 300 s of 1 keV Ar-ion bombardment followed by 185 min of
GDC. The dashed line is a C profile after the first 30 min of GDC.

the transfer process. The exponential removal of the O is
consistent with surface desorption behavior.?

The other sample that underwent the standard cleaning
procedure, was Arion beam cleaned from 300 s, and then H,
GDC for 185 min. Atomic concentration and depth profile
of this sample are shown in Fig. 3(b). The atomic concentra-
tions and profiles differ significantly. There is much more C,
and it occurs deeper than in the other sample [Fig. 3(a)].
There is also a N peak. The C profile obtained after the first
30 min of GDC is shown as a dashed line in Fig. 3(b). Even
after this shorter period the C enhancement has developed.

Analysis of the residual gases in the glow discharge
chamber indicated primarily H,, with significant CO
(~10%) and lesser amounts of CH,, CH,, CO,, and H,0O,
but little (~0.1%) O,.

V. DISCUSSION

During GDC, the samples and the entire cathode were
subjected to energetic ion and neutral bombardment. (The
walls of the chamber were not because of the independent
biasing capabilities.) The energy distribution at the cath-
ode** depends on the potential profile ¥(z). For the dis-
charge parameters used

V(z) =V,[(2z/L) — (Z/L)].

The ion current density calculated from this profile'>* de-
pends most strongly on ¥, and was consistent with the mea-
sured value of the ion current density. Mean energies of the

ions and charge-exchange neutrals depends on L //, where /
is the mean-free-path of the neutrals. In abnormal glow dis-
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charges, L /I is independent of pressure®* and for these dis-
charge conditions equals 3.4. Also, in these types of dis-
charges no full energy peak was observed.>* Since the ions do
not get the full potential energy eV, mean ion and neutral
energies can be used. These were calculated to be 0.4 ¥, and
0.11 V_, respectively, both with 65 mA currents.

This is a total flux of 3.6 X 10'> (atoms and ions)/cm? s
(about twice the flux incident on the walls of the PLT toka-
mak near the limiter or during ICRF heating?® but at about
half of the energy). The removal rate caused by this flux is
low. The sputtering coefficient for 115 eV H on Ni is only
0.0013 atoms/ion”’ and is similar for the other constituents.
Thus the maximum removal rate from the GDC used here is
approximately 0.33 A/min. Particles are also being rede-
posited and embedded during this same period. From the
depth of the observed N peak in Fig. 3(b), an implantation
energy of 250 eV is predicted’’—the same energy as the
cathode fall. Note that the N peak is absent in Fig. 3(a)—the
previously unsputtered sample. The presence of a hydrocar-
bon surface layer may protect the near-surface region from
alteration.

The much higher C concentrations which occurred after
GDC in the sputtered sample as compared to the unsput-
tered sample [Figs. 3(a) and 3(b)] could be due to the ini-
tial surface conditions. The initial surface layers of the two
samples were quite different when GDC began. The differ-
ence in the N profiles also supports this protective surface
layer explanation. Other possible explanations for the differ-
ent C concentrations in Figs. 3(a) and 3(b) include more
localized heating due to differences in energy reflection coef-
ficients and/or the closer proximity of the previously sput-
tered sample (holder No. 3) to the C samples in holders 1
and 2. Another possible source of the C concentration is
segregation induced by sample heating. Taking the particle
and energy reflection coefficients into account,”® 4.0 4 0.2
W were incident on the sample stage. The primary cooling
mechanism was radiation. Energy balance predicts a maxi-
mum temperature of 107 + 3 °C after 100 min.

Surface removal rates can also be calculated for IID if the
relative sputtering yields for Ta,05 and stainless steel are
known. Normal incidence sputtering yields were calculat-
ed”"'” to be 2.7 atoms/ion for stainless steel and 2.5 atoms/
ion for Ta,Oj using tabulated values®® and a binding energy
for stainless steel of 4.12 €V.?° Neither of these yields were
corrected for altered layer effects'” which should reduce the
sputtering yields, or nonnormal-incidence sputtering ef-
fects*° which should increase the sputtering yields. The mea-
sured sputtering yield of Ta,O5 was 1.62 + 0.08 atoms/ion.
The same yield is adopted for stainless steel. Ar IID then
gives the same removal rate, approximately 17 A/min. The
depth profiles using He were very similar in shape to those
using Ar, but the He sputtering rate was 4.6 +- 0.6 times
slower than with Ar, giving a removal rate of approximately
3.6 A/min for the He IID used in this experiment. This is an
order of magnitude higher than the GDC used in this experi-
ment, but removal rates depend upon the current. The effec-
tive sputtering yield of He IID is three orders of magnitude
higher than the GDC used in this experiment, though only
small areas are affected by IID at any one time.
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V. CONCLUSIONS

A combination of IID and then GDC leads to a significant
enhancement of C near the surface compared to either GDC
or IID alone. Both IID and GDC remove or reduce hydro-
carbons and other adsorbates on the surface. However,
GDC can result in significant uncontrolled redeposition
from other exposed surfaces. In magnetic fusion applica-
tions, this could slow cleaning, and could lead to high-Z
material being depositied in undesirable locations. IID, even
with helium (at 1 keV), has a higher sputtering rate than the
relatively high pressure GDC used in this experiment. For
some applications with amenable geometry, such as the
coaxial cylinders of a gun-type spheromak, divertor plates,
and limiters, helium IID may lead to faster and more thor-
ough cleaning. Based on the removal rates calculated in this
paper, IID utilizing broad-beam (10-30 cm?) high-current-
density (1-3 mA/cm?) He-ion sources®'~>? would remove
contaminants from surface areas less than 4000 cm? at least
ten times faster than the GDC studied in this experiment.
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