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Low energy, ion-induced electron and ion emission from stainless
steel: The effect of oxygen coverage and the implications
for discharge modeling
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Absolute yields of electrons and negative ions resulting from positive ions impacting stainless steel
have been determined as a function of impact energy for clean and oxygen-covered surfaces.
Photoelectron emission has been used to monitor the effect of oxygen coverage on the surface work
function. The emission of negative ions and electrons has been described with an excitation
mechanism similar to that used in the Menzel-Gomer- Redhead model. We illustrate the

implications of the present observations for discharge modeling and diagnostics by citing a
parallel-plate, rf discharge in oxygen as an example. @ 1999 American Institute of Physics.
[S0021-8979(99)05503-6]

I. INTRODUCTION

Plasma discharges are widely used to modify the surface
properties of materials. By controlling plasma-surface inter-
actions, effects such as differential etching, thin film deposi-
tion, or surface cleaning may be achieved. Substantial effort
has been directed toward optimizing and understanding the
processes responsible for the surface modifications. Plasma-
surface interactions also influence the bulk discharge, nota-
bly through emission of electrons and negative secondary
ions from the surface due to positive ion bombardment. In
some cases, a secondary process can control the discharge
properties. For example, in a capacitively coupled rf dis-
charge, electrons resulting from ion bombardment of elec-
trodes are accelerated through the sheath potential into the
bulk of the plasma. As the discharge voltage increases, ion-
ization due to such electrons can become dominant and lead

to the so-called a~ 'Ymode transition. These two modes
differ dramatically in light emission and electron energy
distributions.1

A knowledge of the processes induced by positive ion
impact is crucial in understanding and ultimately controlling
plasma reactions. Recent studies of electron and negative
secondary ion emission from well characterized elemental
metallic surfaces2,3have illustrated that electron and negative
ion yields dramatically increase with increasing oxygen cov-
erage for impact energies common to discharge environ-
ments, viz, in the region of a few hundred eV. Results for
ion-induced emission of electrons and anions from a "tech-
nical" stainless steel surface, i.e., one which has not been
cleaned under ultrahigh vacuum (UHV) conditions, have
been communicated previously.4 In that study, it was found
that the anion yield could be as large as 0.1 and exceed the

a)Present address: Argonne National Laboratory, Materials Science and
Chemistry Division, Argonne, IL 60439.

b>Electronic mail: wang@eeel.nist.gov

0021-8979/99/85(3)/1832/6/$15.00

electronyield for a largerange of impactenergies.For the
technical surface, the secondary anions were predominately
0- and O2. That observation may have significant implica-
tions in interpreting some recent theoretical and experimental
results reported in this journal: recent model simulations of
capacitivelycoupled,rf oxygendischargesby Shibataet al.5
predicted the 0- density to exceed that for O2 by several
orders of magnitude. In fact, however, 0- and O2 concen-
trations were observed by Zeuner et al.6 to be comparable in
rf plasmas under conditions similar to those used for the
simulation. This discrepancy may be due to the fact that
secondary negative ion emission was omitted in the simula-
tions and the experimental arrangement preferentially de-
tected the more energetic negative ions originating from the
electrode surfaces.

The aim of the present work is twofold. The first is to
investigate the role of adsorbed oxygen in ion-induced elec-
tron and negative ion emission from clean and oxygen-
covered 302 stainless steel surfaces which have been ex-

posed to a small and controlled amount of oxygen, and to
describe that emission in terms of a model used previously
for emission from other oxygen-covered surfaces.3,7As a
reference, the results for stainless steel will be compared to
those for polycrystalline Al,2,7another commonly used elec-
trode metal. We will then indicate how the observations may
be used to interpret and compare the experimental and theo-
retical results for the O2 discharges cited above.

II. EXPERIMENTALMETHOD

The experimental apparatus has been described in detail
elsewhere.2,7Briefly, the experiments are conducted in a
UHV chamber with a base pressure <2X 10-lOTorr. The
metal sample used is 302 stainless steel ribbon. The primary
Na+ beam is providedby an ion gun alignedat 60° with
respect to the surface normal. Sodium was chosen for the
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impacting ion to eliminate the possibility of potential emis-
sion of electrons as the ionization potential (-5 eV) is less
than twice the work function of stainless steel, the minimum
required for potential emission.8 The impact energies range
up to 500 eV, an energy range for which the probability of
kinetic emission of electrons is very smal1.9All negatively
charged products ejected from the surface are focused along
the surface normal by a series of electrostatic lenses. A ma-
jority of the negative products (-70%) is collected on the
lens closest to the surface. The remaining products are fo-
cused for further analysis and a small electromagnet may be
used to remove the electrons from the extracted products,
thus enabling independent measurements of the electron and
anion yields. It is assumed that the ratio of electrons to an-
ions in the sampled portion of the focused beam is an accu-
rate reflection of that for all negative products. This assump-
tion is supported by the observation that the measured ratio
does not depend upon focal conditions for a wide range of
focusing voltages. The estimated uncertainty for the yield
measurements is 10%. The kinetic energy distributions are
measured with a double spherical electrostatic energy ana-
lyzer with a resolution, ~E/ E, of 0.008. Diagnostic mea-
surements include time-of-flight secondary ion mass spec-
troscopy (TOF-SIMS) and Auger electron spectroscopy
(ABS).

The surface was cleaned by two consecutive cycles of
sputtering and annealing. The sputtering was achieved by
rastering a 3.5 KeV, 1 pA Ar+ beam across the surface for
45 min and then annealing by 15 min of resistive heating to
>600°C. SIMS and AES measurements were employed to
confirm that no adsorbates were present on the surface after
cleaning. Exposure of the surface to oxygen was accom-
plished with a precision leak valve and measured by a re-
sidual gas analyzer. For the present work, exposure is ex-
pressed in terms of Langmuir (L), where 1L = 10- 6Torr s.
Since the presence of alkali metal has been shown to lower
the surface work function and increase negative ion
emission,lO,l1great care was taken to limit the Na+ dose
during the experiments. TOF-SIMS analyses taken after the
yield and kinetic energy distribution measurements con-
firmed a negligible Na accumulation.

Photoelectron emission has been used to ascertain the
work function of clean stainless steel and the effect of oxy-
gen coverage on the work function. These measurements
were conducted at the Synchrotron Radiation Center oper-
ated by the University of Wisconsin-Madison. The beamline
(SS SEYA) allows for low energy photoemission measure-
ments under UHV conditions with a base pressure of - 2
X 10-10Torr. The measurements reported here were made
using 23.0 eV photons selected by a Seya-Namikoa12mono-
chrometer with a linear dispersion of 8.33 Nmm. With en-
trance and exit slit widths of 300 J.Lm,the uncertainty in
photon energy was :t:5 meV. The associated kinetic energy
distributions for angle integrated photoelectrons were made
using a double-pass, cylindrical mirror analyzer. With a pass
energy of 5 eV, the resolution of the analyzer was better than
0.16 eV which, given the small uncertainty in photon energy,
is the effective resolution for the electron spectra. All elec-
tron kinetic energy distributions are normalized to the pho-
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FIG. 1. Photoelectron spectra for a stainless steel surface are shown for a
clean surface (.) and surfaces exposed to 10L (0) and 60 L (6) of oxygen.
The inset clearly illustrates the change (decrease) in the work function as
oxygen accumulates on the surface. The zero of the energy scale refers to a
photoelectron from the top of the conduction band.

toelectric current produced by a 90% transmitting Ni mesh
located after the monochrometer.

III. RESULTS

A. Photoemission

Industry standards hold that 302 stainless steel be com-
prised of 68%-72% Fe, 17%-19% Cr, and 8%-10% Ni
with trace amounts of C, Mn, P, S, and Si. Oxygen adsorp-
tion sites and the surface work function will depend on the
surface structure which, for stainless steel, is not homoge-
neous. Nevertheless, it is possible to determine an average
oxygen uptake and work function, <1>.Photoelectron spectra
are exhibited in Fig. 1 for clean and oxygen-covered sur-
faces. The energy scale in Fig. 1 represents E' =E + <I>

- Ehv' where E is the kinetic energy of an ejected photo-
electron and Ehv is the photon energy, which is 23.0 eV. The
zero for E' is thus defined for the most energetic photoelec-
trons, i.e., those which originate from the Fermi edge. The
work function is then obtained by setting E to zero

<I>=Ehv+Eb, (1)

where the onset of photoemission, Eb, is determined by a
linear extrapolation of the photoelectron intensity to
zero.13,14Such extrapolations are seen in the inset in Fig. 1,
where for a clean surface, Eb= -18.25 eV, yielding <I>
(clean)=4.75 eV. As can be seen in the inset of Fig. 1, the
work function decreases by 0.2 and 0.4 eV for oxygen expo-
sures of 10 and 60 L, respectively.

The spectra in Fig. 1 also clearly demonstrate the effect
of oxygen on the density of states near the Fermi edge. In
good agreement with ultraviolet photoelectron spectroscopy
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FIG. 2. (a) Absolute electron yields for Na + impacting stainless steel at 250
eV (~), 350 eV (8), and 450 eV (D) as a function of oxygen exposure. (b)

Absolute 0- yields for the same Na+ impact energies.

(UPS) studies of oxygen chemisorption on metals,15-17the
appearance of an oxygen-induced state at 6-7 eV below the
Fermi level is apparent and is typically attributed to the 2p
level of the adsorbed oxygen. An accompanying decrease in
the density of states near the Fermi level is indicative of a
charge transfer between the substrate and the adsorbed oxy-
gen. This charge transfer has been shown to result in addi-
tional charge around the oxygen, making it ionic in nature.1S

B. Ion-inducedemissionof electronsand anions

TOF-SIMS shows that 0- is the dominant secondary ion
for exposures up to 100 L of oxygen, comprising ~90% of
the spectrum for oxygen-adsorbed stainless steel surfaces. As
expected, higher mass products such as FeO- and crO - are
also observed, but owing to poor resolution at higher mass,
they cannot be identified unambiguously. The ion-induced
electron yields (Y e) and the anion yields (Yo) as a function
of exposure for three impact energies are given in Figs. 2(a)
and 2(b), respectively. The electron yield clearly increases
with energy and the amount of adsorbed oxygen and appears
to saturate for exposures of 10-15 L. The ion yield exhibits
a minimum for an exposure of about 2 L and increases there-
after, saturating at 10 L. Note that annealing (which is done
immediately before the yield measurements) can cause C,
Mn, and S to migrate to the surface13,19and these trace ele-
ments may combine with oxygen to form volatile com-
pounds such as CO and S02 which subsequently desorb from
the surface. Until the surface is free of these contaminates,
the chemisorption of oxygen on the substrate will not occur.
The results of Fig. 2(b) suggest that such a "surface clean-
ing" may occur for an oxygen exposure of 2 L. The ob-
served saturation of 0 - emission at 10 L is in good agree-
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FIG. 3. (a) A comparison of the absolute electron yields for aluminum and
stainless steel as a result of Na+ impact. The (D) are for an AI substrate
exposed to 100 L of oxygen, while (A) are the results for clean stainless
steel surface and (8) for an exposure of 9 L. (b) A comparison of 0- yields
for the same conditions.

ment with the results of Blasek and Weihert,20who use the
emission of 0- to suggest that the formation of one mono-
layer (ML) occurs at 6-7 L.

In Fig. 3 the yields are given as a function of impact
energy for a clean surface and one with about 1 ML of ad-
sorbed oxygen. It is apparent that the presence of oxygen on
the surface greatly enhances electron and secondary anion
emission, particularly at higher impact energies where the
increase in Y0- is sixfold and the increase in Ye is in excess
of an order of magnitude. A comparison with aluminum is
also shown in Fig. 3 for coverage of about 1 ML. Generally,
the electron yields and their enhancements are similar for the
two substrates while the sputtering of 0- is significant for
stainlesssteelbut not as largeas that observedfor AI.

c. Kineticenergydistributions

Anion and electron kinetic energy distributions are
shown in Fig. 4 for an exposure of 12 L. The 0- distribu-
tions exhibit a high energy, low level tail with a most prob-
able energy at 1.5 eV. The electron spectra exhibit a similar
peak at 1.5 eV and a full width at half maximum (FWHM) of
1.7 eV with a small high energy tail. These distributions are
found to be essentially independent of both oxygen exposure
and impact energy and are very similar to those observed for
AI.7 In comparison with stainless steel, the spectra from Al
exhibit slightly smaller mean energies (~1 eV) and the elec-
tron energy distributions show slightly smaller widths (1.0-
1.5 eV).
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FIG. 4. (a) The electron kinetic energy distributions for a 12 L oxygen
exposed stainless steel surface at an impact energy of 450 eV. The solid line
is the distribution predicted by the excitation mechanism. (b) The 0 - kinetic
energy distribution for the same conditions. The dotted line is the distribu-
tion predicted by the excitation mechanism and the dashed line is the dis-
tribution predicted by the modified collision cascade. The solid line repre-
sents the sum of the two distributions.

IV. DISCUSSION

A. Model for secondary emission

The present results for ion-induced electron emission
cannot be described in terms of either conventional potential8
or kinetic9 emission models as the ionization potential of Na
is too small for the former and the impact energy is too low
for the latter. In an attempt to explain similar emission ob-
served for other oxygen-metal systems,3,7a model was pro-
posed which invoked a collision-induced electronic transi-
tion of a surface state which subsequently led to either
electron or anion emission. In many respects that model is
similar to the Menzel-Gomer-Redhead21,22 theory used to
describe electron-induced ion emission. We will extend the

model, the details of which may be found in Refs. 3 and 7, to
discuss the observations for stainless steel.

Let us assume that oxygen dissociatively chemisorbs on
stainless steel,13,20and thus oxygen resides on the surface
essentially as a negative ion. For illustrative purposes, we
will assume the formation of PeO-, shown in Pig. 5, at an
equilibrium distance from the surface, Zeq=3 A.The idea is
that an impacting ion (or atom) electronically excites PeO-
to an antibonding state, (PeO-)*. After excitation, the nega-
tive ion can exit the surface and survive, or decay by electron
emission either to the metal [with width dm(z)] or to the
vacuum [with width dv(z)]. Electron emission to the
vacuum can occur at any distance where the energy of the
(PeO-)* lies above that for FeO, while emission to the
metal can occur for any distance. The latter decay channel is,
by far, the dominant channel. The kinetic energy of the elec-
tron emitted to the vacuum is represented by the difference,
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FIG. 5. Schematic diagram of the molecular states for the interaction of 0
and 0- with Fe as a function of distance from the surface. Also shown are

the decay widths used to describe the two electron decay channels. The FeO
and FeO- ground states are representative of isolated molecular curves.

8Ee. In the case where the ion exits the surface and survives
as a negative ion, its kinetic energy is represented by the
difference 8Eion. An additional mechanism which may give
rise to 0- emission involves momentum transfer from the
impacting Na+ directly to the adsorbed oxygen or indirectly
through collisions with the substrate atoms. Such ejection
processes for neutral atoms have been described with the
so-called "collision cascade" model.23.24 In previous
work,3.7that model was modified to account for the survival
probability of the negative ion as it departs the surface.25,26
The anion kinetic energy distribution that arises from such a
modified collision cascade model is quite different from that
found for neutral atoms. In particular, the survival probabil-
ity for low energy ions is quite small, resulting in a very
broad energy distribution which in no way resembles what is
observed in, e.g., Pig. 4.

The diagram in Pig. 5 is based partly on gas-phase inter-
molecular potentials for PeO and PeO- and can only provide
an estimate of the ion-surface interactions, since the surface
is undoubtably more complicated. The width for electron de-
cay into the metal, dm(z), is similar to that calculated for the
AlIO - surface interaction.27The remaining parameters are
adjusted to bring the calculation into agreement with the ob-
served energy distributions. Several features in a similar ad
hoc diagram designed to explain ion-induced electron emis-
sion from an AlIO surface have been confirmed with studies
involving photon-induced anion emission.28 Much like the
diagrams which describe the Menzel-Gomer- Redhead21,22
theory of electron-induced ion emission, this diagram is used
to demonstrate a mechanism that can, using reasonable pa-
rameters, account for electron emission and reproduce the
observed kinetic energy distributions.
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Calculated electron and anion distributions based on the

potential parameters shown in Fig. 5 are given in Figs. 4(a)
and 4(b), respectively. For the ion distribution, the result of
the excitation mechanism is added to that predicted by the
aforementioned modified collision cascade model to provide
a good fit to the experimental observations: the excitation
mechanism is responsible for about 2/3 of the secondary an-
ions and provides the low energy peak while the collision
cascade provides the high energy tail.

B. Implicationsfor dischargemodelingand
diagnostics

The present results for ion-induced emission of electrons
and secondary ions from a stainless steel surface clearly
show that the yield of both anions and electrons can be quite
large and depends very strongly on the ion impact energy
and the surface conditions. In contrast to the well-recognized
importance of electron emission, negative ion emission is
neglected in the description of discharges. If anion and elec-
tron emission from electrodes are comparable, as can be the
case for stainless steel electrodes in discharge environments,4
such an omission may compromise the accuracy of discharge
simulations and diagnostic interpretations. Let us take a
parallel-plate, rf discharge in oxygen as an example. Recent
model simulations by Shibata et al.5for capacitively coupled
rf discharges in 0.5 Torr oxygen at 13.6 MHZ and 150 V rf
voltage indicate that the negative ion density approaches that
for positive ions in the bulk plasma, with electrons compris-
ing only a small fraction of the total negative charge. The
dominant negative ion species is predicted to be 0- with O2
forming only about 2%-3% of the total negative ion density.
Their results also indicate that electron attachment occurs

mainly in the bulk plasma and the negative ions formed are
largely trapped by the plasma sheath potentials. Conse-
quently, the ratio of anions to cations, which traverse the
sheath and arrive at the electrode surface, is predicted to be
less than 10-5. On the other hand, experimental observations
by Zeuner et at.6 in rf plasmas operating with conditions
similar to those described above show some seemingly con-
tradictory results. First, the anion to cation ratio at the
ground electrode increases with increasing rf voltage and is
significantly higher than the prediction, ranging from 0.01 to
0.1. Secondly, the Oz and 0- ion fluxes are found to be
comparable and have kinetic energies as high as the self-bias
voltage of the powered electrode. This behavior of the nega-
tive ions was attributed to electron attachment occurring in
the sheath near the powered electrode.6

We suggest an alternative explanation for the reported
large negative ion flux, viz., the observed negative ions were
secondary ions emitted from the powered electrode due to
impacting positive ions, predominantly O~ in oxygen dis-
charges. The dominant negative ion production mechanism
in the bulk of an oxygen discharge is dissociative attach-
ment, forming 0-. While Oz can form indirectly by electron
transfer, 0- +02~0+OZ' this process has an energetic
threshold of about 1 eV, resulting in a very slow O2 forma-
tion rate in a low temperature plasma. The negative ions that
are formed in the bulk plasma will be trapped by the sheath

. -. -'. - - - -. -- --
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potentials, but the secondary negative ions 0- and Oz emit-
ted from the powered electrode will have sufficient energy to
penetrate the bulk plasma and overcome the sheath potential
barrier near the ground electrode. While traversing the elec-
trode gap, 0- may be destroyed by electron transfer or elec-
tron detachment in collisions with O2, Taking a combined
cross section of 8 A2 for these two processes,29 an electrode
separation of 3 cm and gas pressure of 1.5 Pa, as used by
Zeuner et at., the probability that 0-, produced on the pow-
ered electrode, reaches the ground electrode intact can be
estimated to be 0.38. The behavior of Oz in traversing the
sheath is more complicated because of the large electron
transfer cross section for low collision energies in the O2
parent gas. Under any circumstances, the sheath potential of
the powered electrode is significantly higher than that of the
ground electrode,30and thus the majority of slow Oz ions
formed in the powered sheath will again be accelerated to
energies high enough to overcome the potential of the
ground sheath. If we consider only the loss of fast Oz in the
bulk plasma and take the combined cross section for electron
transfer and electron detachment to be 14 A2 at 200 e V, 29 the

probability that a fast O2 ion will reach the ground electrode
can be estimated to be 0.19. Hence, if the emission probabili-
ties of Oz and 0- are similar at the powered electrode (as is
the case when surface conditions approximate those found in
discharge environments4), comparable intensities of atomic
and molecular anions would reach the grounded electrode, a
feature that has been observed6 for the oxygen rf discharge.

v. CONCLUSIONS

It is clear that the probabilities for ion-induced emission
of electrons and negative ions from stainless steel depend
strongly on the surface conditions, ranging from negligibly
small for a sputtered-clean surface to as high as 0.1 for a
technical surface, i.e., one which has not been cleaned in situ
under UHV conditions. For clean surfaces which have been

exposed to a moderate amount of oxygen, the dominant sec-
ondary negative ion is 0-. For the technical surface, how-
ever, secondary 0- and O2 ions are comparable in number.
The present study demonstrates that if we wish to correctly
model an oxygen discharge, an understanding of the electron
and ion emissions is required not only for a well character-
ized surface, but also for a surface that mimics the actual
electrode surface immersed in a plasma.
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