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W'e report measurements of 0+ secondary-ion emission induced by 25 —250-keV Ne+, Ar+, and
Kr bombardment of oxidized surfaces of Ti, Mo, Nb, W, and Ni, and of Ni and Pd surfaces with
adsorbed CO. The yield I(O+) of 0+ from bombardment of oxygen adsorbed onto nickel, as well as
the yields of all metal and metal-oxide ions, exhibits behavior similar to the sputtering yields as
functions of incident ion energy. By contrast, the yield of 0+ from the other oxidized targets in-
creases linearly with projectile velocity v, making dI(O )/dv a convenient, velocity-independent pa-
rameter with which to characterize the emission. The variation of dI(0+)/dv with projectile
species depends on the substrate. For Ti and, to a lesser extent, Nb, dI(O+)/dv is independent of
projectile species, although for Mo and W dI(0+)/dv varies with projectile species in a manner
similar to the corresponding variation of the electronic stopping power of the projectile. However,
the magnitude of the observed 0+ yields is not consistent with that expected if the 0+ emission is
produced by secondary-electron-stimulated desorption. I(O+) for bombardment of Ni and Pd sur-
faces with adsorbed CO is not clearly related to either the sputtering yield or the 0 yields from the
oxidized targets.

I. INTRODUCTION

Sputtered ions generally receive their momentum ei-
ther from participation in a collision cascade or from a
direct collision with an incident beam ion. In the former
case, the ionization probability, which is determined by
various electronic interactions with neighboring atoms
and the surface, is experimentally observed to have an in-
verse exponential dependence on the ionization potential
of the sputtered atom. ' Williams, however, has ob-
served the emission of F+ from fluorinated silicon under
ion bombardment and found that the energy distribution
was inconsistent with that expected from a collision cas-
cade. Since the F+ yield as a function of beam velocity
was similar to that of the silicon I.VV Auger electrons,
Williams concluded that these Auger electrons, by creat-
ing core holes in fluorine atoms, were leading to the
desorption of F+ via the Knotek-Feibelman mechanism
of electronically stimulated desorption (ESD).

More recently, O' Connor, Blauner, and Weller ' ob-
served unexpectedly large yields of electronegative ions
from metals under MeV ion bombardment. The depen-

dence of these yields on beam energy differed from that of
the sputtered metal ion yields. Also, Blauner and Well-
er" ' observed 0+ yields for 15—275-keV noble-gas ion
bombardment of oxidized a1uminum and vanadium sur-
faces which increased linearly with beam velocity. This
was in contrast to their measured yields of metal ions,
whose dependence on beam energy was consistent with
models of ionization that invoke atomic collisions or col-
lision cascades. Noting the linear dependence on beam
velocity of the electronic stopping power and the secon-
dary electron yield for the range of beam energies used,
Blauner and Weller proposed that the 0+ emission re-
sulted from electronic processes induced by the incident
ions; in particular, desorption stimulated by secondary
electrons was suggested. " Indeed, the 0+ yields from
aluminum for the various beams, as functions of beam ve-
locity, were closer to lying on a common curve when di-
vided by the constant of proportionality between
Lindhard's electronic stopping power and beam velocity
(to remove the dependence of the yields on beam species
expected for emission arising from electronic processes). '

However, Blauner and Weller also found that the 0+

40 10 677 1989 The American Physical Society



10 678 MICHAEL G. KAURIN AND ROBERT A. WELLER 40

yields for vanadium were simply proportional to beam
velocity with no additiona1 dependence on the beam
species, apparently precluding an emission mechanism
common to these two targets. "

In these experiments, we have extended the work of
Blauner and Weller by investigating the beam-velocity
and beam-atomic-number dependences of the 0+ yields
during 25 —250 keV Ne, Ar+, and Kr+ bombardment
of other oxidized transition metal surfaces (Ti, Nb, Mo,
and W) in an attempt to discover whether the simple ve-
locity dependence of the 0+ yields for oxidized vanadium
is a general phenomenon for transition metals, or the re-
sult of some coincidental cancellation of factors. That
these metals preferentially form maximally valent oxides
is important for the operation of the Knotek-Feibelman
mechanism of ESD. Since the necessity of maximal
valency for ESD is disputed, however, ' ' we have also
examined the secondary-ion emission from oxygen ad-
sorbed onto surfaces of nickel, which does not form a
maximally valent oxide, but has been observed to yield
0+ in ESD experiments. ' ' In addition, we shall dis-
cuss the possible role played by secondary electrons in
the emission of 0+ from these targets by examining
whether our observed 0+ yields are consistent with ob-
served ESD cross sections and secondary electron yields
for transition metals. We shall also consider the role of
projectile Auger electrons.

Finally, we report on studies of the emission of 0+
from carbon monoxide adsorbed onto nickel and palladi-
um surfaces. For these metals, CO adsorbs molecular-
ly, ' ' with the carbon atom bonding directly to the met-
al and the o'xygen atom bonding directly only to the car-
bon atom. Therefore, in contrast to the situation for 02
adsorption, in the case of CO adsorption the oxygen
bonding is covalent rather than ionic. Although ionic
bonding with maximal valency is necessary for the oc-
currence of the Knotek-Feibelman mechanism, ' ' other
workers have observed ESD of 0+ from CO-adsorbed
metal surfaces. Therefore, we have investigated this sys-
tem to determine the eFect of the type of bond on the O+
emission during ion bombardment.

I1. EXPERIMENTAL
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We did not attempt to determine the concentration of the
adsorbates on the surfaces or the stoichiometry of the ox-
ides formed. A residual pressure of 5 X 10 Torr of the
adsorbate gas was maintained in the chamber throughout
the ion yield measurements.

The prepared targets were bombarded by momentum-
analyzed 25 —250 keV beams of Ne+, Ar+, and Kr
rastered and collimated to form a beam spot of area 0.09
cm, and incident on the target at an angle of 30' from
the target normal. Typical beam currents ranged from
0.5 nA to 1.0 nA; this avoided significant target damage
during the measurements. Repeated measurements using
200 keV Ar+ beams were made throughout each run to
verify the constancy of the surface and to provide the
basis for normalizing the data for day-to-day variations in
the experimenta1 conditions. The secondary ions were
analyzed by a quadrupole mass spectrometer equipped
with an electrostatic energy prefilter which allowed ions
with energy 4 —6 eV to enter the quadrupole. ' (We show

The experimental procedure followed was essentially
that of Blauner and Weller. ' Polycrystalline targets of
99.95% pure Ti, Nb, Mo, W, Ni, and Pd with thickness
0.127—0.25 mm were degreased in Freon TF and mount-
ed in a UHV chamber, which was then baked at 100'C
for 1 —2 days. The ultimate chamber pressure was about
2 X 10 ' Torr, with the pressure remaining below
3 X 10 ' Torr with all of the valves open between the
chamber and the accelerator. The targets were sputter
cleaned with 200 keV Ar+ beams rastered over 1 cm for
a total incident charge of 0.4—1.0 Coulomb. This was es-
timated to remove 2000 to 15000 monolayers of target
material. The cleanliness of the targets was verified by
examination of their secondary-ion mass spectra. After
the sputter cleaning, the targets were exposed to 1 X 10
Torr of 99.99% pure gas for l000 s (02) or 2000 s (CO),
the gases being admitted through separate leak valves.
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FIG. 1. Measured yields of Mo+ (open circles), and Mo
sputtering yields (solid circles} calculated as in Ref. 25 and nor-
malized to the measured Mo+ yields at 200 keV, for bombard-
ment of O/Mo by 25 —250 keV (a) Ne+; (b) Ar+; (c) Kr+.
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in the following that this limited energy range does not
introduce significant systematic error into our results. )

The quadrupole axis was perpendicular to the target sur-
face.

Incoming counts from the secondary ions passed by the
quadrupole mass spectrometer were stored in a mul-
tichannel analyzer (MCA) operated in the multichannel
scalar mode. Both the mass spectrometer and the MCA
were controlled by a computer; the mass of the ions al-
lowed through the mass spectrometer was linearly related
to the MCA channel number. Secondary-ion yields were
measured at single channels located at the peaks of the
masses of interest (three channels were used for 0+ from
the Ni and Pd targets). Data were collected for a preset
amount of incident beam charge per MCA channel (typi-
cally 5 nC).

The circuit for the measurement of beam current in-
cluded the target and a Faraday cage which surrounded
the target to collect secondary electrons. Later beam
current measurements, independent of the secondary-ion
yield measurements, included the quadrupole prefilter in
the circuit to allow correction of the results for secondary
electrons hitting the prefilter. We made additional mea-
surements of the current from the target alone to esti-
mate the secondary-electron yields, for comparison of
their dependence on beam velocity with that of the 0+
yields.

Secondary-electron energy distributions were measured

7

(a)6-—

7
(a)

O 6—
5

I
Co 4

~3
CJ

~ 'H 2

+ 1

0 ()

I I

0/Mo

h '

~6 ~
Ne+

0 Ar+
Kr+

I I I
s I I I ~ II I I

4 6 8 10 12 14 16

Beam Velocity (10 cm/s)

0 2

2.5
(b) 0/W

&~
1.5

1.0
CJ

&05
+
& o.o

0 2 4 6 8 10

Beam Velocity (10

Ne+
0 Ar+

Kr+

12 14 16

cm/s)

FIG. 3. 0+ yields per incident ion from 25 —250 keV Ne+,
Ar+, and Kr+ bombardment of (a) 0/Mo; (b) 0/%'.
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for 25 —200 keV Ar+ bombardment of a V target with ad-
sorbed 02, prepared in the same fashion as the other tar-
gets. We acquired integral energy distributions using a
cylindrical mirror analyzer (Physical Electronics model
10-155) with the detector electronics set up for pulse
counting. Under computer control, the analyzer swept
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FIG. 2. 0+ yields per incident ion from 25 —250 keV Ne+,
Ar+, and Kr+ bombardment of (a) 0/Ti; (b) 0/Nb.
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FIG. 4. Unnormalized energy distribution of secondary elec-
trons emitted from 0/V during 200-keV Ar+ bombardment.
The dashed line indicates the background of secondary elec-
trons under the Auger feature.
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through a range of electron energies of 0—2000 eV. The
analyzer was at an angl'e of 90 with respect to the ion
beam. The target normal was at an angle of 55' with
respect to the beam, resulting in a beam spot large com-
pared with the field of view of the analyzer, so that the
energy resolution was not optimal.

TABLE I. Slopes and y intercepts computed by least-squares
fit to the 0+ yields as linear functions of incident ion velocity,
and slopes of the secondary electron yields, for 25 —250 keV no-
ble ion bombardment of oxidized transition metal surfaces. For
the 0 yields, units are 10 per ion, while for the secondary
electron yields, units are per ion; in both cases, velocity units
are 10 cm/s.

Target Beam

O+ Yields
Slope y intercept

Electron yields
Slope

III. RESULTS

Our measured yields of Mo+ as a function of beam en-
ergy for bombardment of 02 adsorbed onto Mo (denoted
0/Mo) are shown in Fig. l for all three beams, together
with the sputtering yields calculated using the semiempir-
ical expression of Matsunami et al. and scaled to equal
the ion yields at 200 keV. The behavior of all other metal
and metal-oxide ion yields is similar to that of Mo+. As
shown in Fig. 1, the measured secondary-ion yields exhib-
it a stronger dependence on beam energy than do the cal-
culated sputtering yields, especially for the heavier
beams. The ratios of the measured metal secondary-ion
yields to the calculated sputtering yields (at 200 keV)
ranged from 1 —2X10 for W to 6—12X10 for Ti.
These ratios have not been adjusted for the transmission

(a)
0
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of the energy prefilter and the quadrupole mass spectrom-
eter. Comparing these ratios with the ionization proba-
bilities found by Benninghoven (0.4 for Ti+ and 0.035
for W+) and considering the decrease in the transmission
of a quadrupole mass spectrometer with increasing ion
mass, ' we find that the transmission of our instrument
is of the order 10 —10 . It must be noted, however,
that the energy distribution of sputtered Ti+ has a max-
imum at about 10 eV, as compared to the 4—6 eV ener-
gy range of our prefilter; this implies that the transmis-
sion for ions having an energy within our energy range is
probably larger than calculated.

In Figs. 2 and 3 we present the yields of 0+ from ion
bombardment of the Ti, Nb, Mo, and W targets as func-
tions of beam velocity. As Blauner and Weller found for
Al and V," ' for our targets there is a clear di6'erence
between the behavior of the metal ion yields as functions
of beam energy and that of the oxygen ion yields. The
0+ yields increase linearly with beam velocity for each
beam species; we found this to be true for the measured
secondary-electron yields also. The parameters, from
linear fits to the data are presented in Table I. These pa-
rameters, and the data presented in Figs. 2 and 3, suggest
that the 0 yields from bombardment of 0/Ti and
0/Nb are both independent of beam species, although
the yields from Ne+ bombardment of 0/Nb are some-
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FICi. 5. Yields of Ni+ and O+ (normalized to the Ni+ yield
at 200 keV) from bombardment of 0/Ni by 25 —250 keV (a) Ar+
(O multiplied by 32.5); (b) Kr+ (O+ multiplied by 15.1).
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what anomalous. Similarities also exist between the be-
haviors of the yields from bombardment of 0/Mo and
0/W, with both being dependent on beam species; again,
the Ne+ beams are a special case.

Figure 4 shows the (unnormalized) secondary electron
energy distribution measured for 200 keV Ar+ bombard-
ment of 0/V. The broad feature at around 200 eV shows
the presence of Ar Auger electrons, raising the possibil-
ity that the projectile Auger electrons could play a role in
the emission of 0+.

Figure 5 shows the yields of 0+ and Ni+ from ion
bombardment of oxidized nickel. The 0+ yie1ds have
been scaled to equal the Ni+ yields at 200 keV. The be-
havior of the 0+ yields is similar to that of the Ni+
yields, indicating that, for this system, the 0 desorption
is produced by collision cascades. This behavior is in
sharp contrast to that of the 0+ yields from bombard-
ment of the other oxidized metal surfaces which were
studied. Comparison of the scale of Fig. 2(a) with that of
Fig. 5(a) (taking into account the scaling of the 0+ yields
in the latter figure) shows that the yield of 0+ from ion
bombardment of 0/Ni is less than 1% of the yield of 0+
from bombardment of 0/Ti.

The di6'erence between 02 adsorption and CO adsorp-
tion may be seen by comparing Figs. 5 and 6, the latter
showing the yields of 0+ as functions of beam velocity
for ion bombardment of CO/Ni and CQ/Pd. In both
cases, the 0+ yields do not follow the sputtering yields as

functions of beam velocity, unlike the case for 02 ad-
sorbed onto nickel. In addition, the 0+ yields for bom-
bardment of CO-adsorbed targets do not increase mono-
tonically with projectile velocity, unlike the yields for
bombardment of 0/Ti, 0/Nb, O/Mo, and 0/W, al-
though the 0+ yields for CO adsorption are within an or-
der of magnitude of those for O2 adsorption (excepting
0/Ni).

In Fig. 7(a) we show the yields of CO+ and Ni+ from
Ar+ bombardment of CO/Ni, with the CO+ yields
scaled to equal the Ni+ yield at 200 keV. Figure 7(b)
presents the equivalent information for Ar+ bombard-
ment of CO/Pd. The data presented in these figures sug-
gest that CO+ emission from these targets is produced by
collision cascades.

Finally, in Fig. 8 we present the yields of Ni for 02
and for CO adsorbed (separately) onto Ni; the results for
02 adsorption have been normalized to those for CO ad-
sorption at 200 keV. The behaviors of the Ni+ yields for
the two adsorbates are similar, with both being approxi-
mately proportional to the sputtering yield. The mea-
sured ionization probability of Ni for the CO-adsorbed
target is larger than that for the 02-adsorbed target by an
order of magnitude; this extra enhancement of the Ni
yield has been observed previously by Winograd.
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FIG. 8. Yields of Ni+ from 25 —250 KeV Ar+ bombardment
of 0/Ni and CO/Ni (yields from 0/Ni multiplied by 12.5).

IV. DISCUSSIGN

Figures 2, 3, 5, and 6 show that the functional depen-
dence of the 0+ yield, I(0+), on beam velocity U is not
the same for all adsorbate/substrate combinations stud-
ied. We shall first discuss the results for 02 adsorption
onto each metal. Our discussion will center on the propo-
sal" that the emission of 0+ is caused by secondary elec-
trons via ESD; we shall focus on the dependence of I(0+)
on beam species and compare that dependence to the
dependences of the secondary-electron yields and the
electronic stopping powers on beam species. We sha11
also consider the consistency of our yields with observed
ESD yields, and the possible role of projectile Auger elec-
trons. Finally, we shall discuss the results for CO adsorp-
tion and compare them with the results for 02 adsorp-
tion.

A. G2 adsorption

As shown in Fig. 2(a) and Table I, the combined 0+
yields from bombardment of 0/Ti are collinear for all
three beams as functions of beam velocity; thus, I(0+) for
bombardment of 0/Ti is a function of the projectile ve-
locity alone, with no additional dependence on projectile
species. This result is in agreement with the result of
Blauner and Weller for ion bombardment of 0/V, "
confirming that the collinearity is not coincidental or lim-
ited to the 0/V system. It bears noting that, although Ti
and V are not in the same column of the periodic table,
they are in neighboring columns in the same row.

Although the linear dependence on projectile velocity
of the 0+ yields from ion bombardment of 0/Ti and
O/V suggests the presence of electronic processes, the
lack of dependence on beam species argues that the 0+
emission does not arise from a mechanism which depends
on the total energy deposited into electronic excitation.
For instance, if the 0+ emission were being caused by
secondary electrons via ESD, one might expect I(0+) to
scale as the secondary-electron yields, which in turn are
proportional to the electronic stopping power. Lind-
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FIG. 9. Yields of 0+ from bombardment of 0/Nb, divided

by the beam-dependent factor in Lindhard's electronic stopping
power.

This factor ranges from 0.332 for Ne+ beams to 0.805 for
Kr+ beams (both incident on Ti), an increase by a factor
of 2.4 which is not reAected in our measured yields of 0+
from bombardment of 0/Ti.

The 0+ yields from ion bombardment of 0/Nb are
shown in Fig. 2(b). The plotted yields and the fit parame-
ters tabulated in Table I show that the yields are collinear
for Ar+ and Kr+ beams as functions of beam velocity;
however, the yields for the Ne+ beams do not coincide
with the yields for the other beams. Dividing the 0+
yields by the Lindhard electronic stopping power con-
stant, as plotted in Fig. 9, decreases the apparent order in
the data. Also, the scaled yields for different beams are
not parallel, as shown by the scaled slopes presented in
Table II. Although the ratios of dI(0+)/du to
dI(e )/du (Table II), where I(e ) is the measured
secondary electron yield, are consistent for different
beams, this consistency is not as compelling as that found
for the Mo data (discussed in the following). Therefore,
given the scatter in our data, it is perhaps reasonable to
group 0/Nb with 0/V and 0/Ti as a system for which
I(0+) is proportional to projectile velocity, with the Ne+
data being a special case for 0/Nb. It must be noted that
Nb and V are in the same column of the periodic table.

Comparison of Fig. 2(a) with Fig. 3(a), along with con-
sideration of the velocity fit parameters in Table I,
demonstrates that I(0+) for ion bombardment of 0/Mo
does depend on beam species. The Mo data divided by
Lindhard's electronic stopping power constant are shown
in Fig. 10(a). The scaled yields for the Ar+ and Kr+
beams are collinear, while the scaled yields for the Ne+
beams are higher than, but parallel to (see Table I), those
for the Ar+ and Kr+ beams. The agreement between the
ratios of dI(0+)/du to dI(e )/du for the diff'erent beams
is notable, and to be contrasted with the lack of agree-
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Target Beam

Kr+

0+ slope
electron slope

2.1

+0.4
1.1

+0.2
0.75

+0.12

0+ slope
Lindhard factor

1.2
+0.2

0.86
+0.10

0.57
+0.06

TABLE II. Ratios of the computed slopes for the 0+ yields
(Table I) to the slopes for the secondary electron yields (also
Table I) and to the beam-dependent factor of the proportionali-
ty constant from Lindhard's electronic stopping power (as dis-
cussed in the text). Units are the same as for Table I. ~ 20
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FIG. 10. Yields of 0+, divided by the beam-dependent factor
in Lindhard's electronic stopping power, from bombardment of
(a) 0/Mo; (b) 0/W.

ment for the 0/Ti targets. Evidently, although Ti, V,
Nb, and Mo are all transition metals in the same region
of the periodic table and the yields of 0+ depend only on
beam velocity for ion bombardment of 0/Ti, 0/Nb, and
0/V, " the yields of 0+ from ion bombardment of 0/Mo
can be directly related to the yield of secondary electrons
and the electronic stopping power. Therefore, the details
of the 0+ emission during ion bombardment of transition
metal surfaces are different for different columns of the
periodic table. Moreover, in the case of 0/Mo there is
direct support for the suggestion" that the 0+ emission
is caused by secondary electrons.

One feature in common for 0/Nb and 0/Mo under
Ne+ bombardment is the large offset of I(0+) from being
strictly proportional to the projectile velocity. For both
targets, we found that I(e ) also is offset for Ne+ beams.
Indeed, the ratios of the 0+ offset to the electron offset
are equal for Mo and Nb (2.63+0.80 for Mo and
2.68+0.65 for Nb, both in units of 10 0+/electron).
These results suggest that there exists a rnechanisrn for
0+ emission produced by Ne+ bombardment, in addition
to the velocity-proportional mechanism, which is related
to the emission of secondary electrons. However, al-
though for 0/Ti targets I(0+) is not offset for any beam,
I(e ) is offset for both the Ne+ and the Ar beams.

This suggests that the equality of the offset ratios for
O/Mo and 0/Nb is coincidence and poses difficulties for
any speculation about the existence of an additional
mechanism for 0+ emission during Ne+ bombardment.

The 0+ yields from ion bombardment of 0/W [plotted
in Fig. 3(b)] and the fit parameters (Table I) show that
dI(0+ )/du varies strongly with beam species for this tar-
get. Dividing by the Lindhard factor [Fig. 10(b) and
Table II] reduces the spread between I(0+) for the
different beams, although, unlike the results for Mo, the
scaled slopes and the ratios of dI(0+)Idu to dI(e )/du
(Table II) are consistent only for Ar+ and Kr+, and even
that consistency is not notable.

The offset of I(0+) for Ne bombardment of 0/W is
smaller than that for 0/Mo or 0/Nb, although I(e ) is
comparable for all three targets. Also, unlike the case for
0/Mo and 0/Nb, subtracting the offset would decrease
the apparent order in the data. Therefore, if the addi-
tional mechanism already discussed for 0+ emission dur-
ing bombardment by Ne+ does indeed exist, it is depen-
dent on the target used.

Given the scatter in our data for each beam, we may
group the targets discussed so far into two categories.
The first consists of 0/V, 0/Ti, and 0/Nb. Here, I(0+)
is strictly proportional to projectile velocity. The second
group consists of 0/Mo and 0/W, for which I(0+) fol-
lows the electronic excitation as a function of projectile
velocity. Since Mo and W are in the same column of the
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periodic table, this grouping is not surprising. For both
groups, however, the data for the Ne+ beams pose
difficulties for these simple characterizations of the be-
havior of I(0+).

Unlike the systems we have discussed so far, ion bom-
bardment of 0/Ni appears to yield 0+ emission from
collision cascades rather than from electronic processes.
Although the 0+ yields from bombardment of 0/Ni
(shown in Fig. 5) do not exactly follow the Ni+ yields as
functions of beam energy, they certainly do not increase
linearly with beam velocity. This result, although expect-
ed from the maximal-valency requirement of the
Knotek-Feibelman description of ESD, is somewhat
surprising since other workers have actually observed
ESD of 0+ from 0/Ni. ' ' However, our result may be
consistent with reported ESD yields. Gerritsen' found
the total ESD yield of oxygen from 0/Ni to be about
2 X 10 atoms/electron. Since ions typically constitute
less than 10% of the total ESD yield, this corresponds
to an ion yield of less than 2X10 0+/electron, which
is a factor of about 10 smaller than the ESD yields typ-
ically found for maximally valent targets, such as 0/Ti.
Therefore, the secondary-electron-induced yield of 0+
from ion bombardment of 0/Ni might be expected to be
less than that from 0/Ti by about the same factor. Com-
paring our observed ion-induced 0+ yields from 0/Ti
with those from 0/Ni, however, we see that the yields
from 0/Ni (presumably from collision cascades) are actu-
ally smaller than those from 0/Ti by a factor of only
10 . Therefore, it is possible that the yields of any 0+
desorption induced by electroni'c processes are too small
to be observable above the 0+ emission from collision
cascades for ion bombardment of 0/Ni.

B. Calculations using secondary electron distributions

If secondary electrons indeed cause the emission of
0+, then the cross section for ion-induced 0+ emission
must be consistent with the integral of the energy distri-
bution of the secondary electrons multiplied by the cross
section for electron-stimulated desorption. Therefore, we
used the secondary-electron energy distribution for 200
keV Ar+ bombardment of 0/V, shown in Fig. 4, to esti-
mate the 0 yield expected from secondary-electron-
induced desorption. (Although the size of the beam spot
precluded good energy resolution, this spectrum should
be useful for estimating the yields. ) We approximated the
functional dependence on electron energy of the observed
ESD yields YEsD as increasing linearly from threshold
at 30 eV to Y „at 90 eV and remaining at Y „for
larger electron energies. Then, the expected measured
yield of 0 desorbed by secondary electrons during ion
bombardment is

Y'(0 )=1 T g( YEsD Ye ) g Y

both summations are over electron energy E, . Here, y,
is the total secondary electron yield, as determined by
comparing the incident ion beam current with that mea-
sured without the collection of secondary electrons by the
Faraday cage, and Y, is the secondary-electron energy

distribution shown in Fig. 4. Although the transmission
T was shown above to be about 10, T was probably
larger for 0+ ions, since, using the energy distributions
found by Weng for ESD from 0/Ti, we estimate that
about one half of the 0+ emitted had energy within the
energy range of our prefilter. Therefore, it seems reason-
able to approximate T as 10 . The result of the calcula-
tion of Y(0+) is that the expected yield of 0+ from 200
keV Ar+ bombardment of 0/V is

Y(0+ ) =0.53TY,„;
since Y „ is typically of the order 10 —10
0+/electron, ' we conclude that the expected yield is
about T X 10 0+/ion. For comparison, the observed
yield from 0/V is about 2.5X10 0+/ion, " so that, if
we assume that T was 10, the observed yield seems to
have been larger by three orders of magnitude than that
calculated for secondary-electron-induced desorption.
Nevertheless, it must be noted that, given the results
from 0/Ni already discussed, the behavior of I(0+) does
seem to correlate with whether the target is maximally
valent, as expected from the theory of ESD; this correla-
tion would be dificult to explain with a mechanism that
did not invoke some form of electronic excitation.

Since the yield and energy of ion-induced Auger elec-
trons depend on the beam-target combination, ' we
further estimated the relative contribution of Ar Auger
electrons to the 0+ yield estimated above in an attempt
to determine whether part of the dependence of the 0+
yield on beam species could result from projectile Auger
electrons. The calculations were performed in the
manner already described, except that only the eA'ect of
the Auger feature near 200 eV (with background properly
subtracted; see Fig. 4) was considered. Since relative
yields are of interest here, the quadrupole transmission
cancels out of the calculation. The calculated fraction of
the 0+ yield that is due to Ar Auger electrons ranges
from 6% for 50 keV beams to 15% for 200 keV beams.
This additional yield is of the same order as the scatter in
our data, so it is difficult to ascribe significance to it.
However, similar measurements and calculations should
be made for Ne+ and Kr+ beams, as well as for other tar-
gets.

Since the energy prefilter on our mass spectrometer
sampled only a narrow range of 0 energies, a shift in
the energy distribution of the 0+ with beam energy could
have produced systematic errors in the measured yields
of 0+ as functions of beam velocity. Such a shift is possi-
ble, since Weng has shown that the width and the energy
of the maximum of the 0+ energy distribution for ESD
from 0/W change with incident electron energy, and
the energy distribution of the secondary electrons varies
with ion beam energy. Using the same behavior of the
ESD cross section as above and assuming that the tail of
the secondary electron distribution decreases as E " (1.5
& n & 3.0), we have calculated the maximum change in
ion yield to be less than 4% over the full range of n.
Given that n may not actually vary over that full range
for our range of beam energies, this sets an upper limit on
the systematic error introduced by the limited energy
range of the prefilter during our measurements.
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C. CO adsorption

The similarity between the dependences of the CO+
yields and the metal ion yields on beam energy, shown in
Fig. 7, is compelling evidence that CO+ ions are pro-
duced by collision cascades, despite the fact that CO+ is
also observed in ESD experiments. Craig reports that
the ESD yield of CO+ from CO/Ni is 0.4 times that of
0+, while our CO+ yield is 0.1 times our 0+ yield. It
may be significant that our targets were exposed to 2000
L (1 L= 10 Torr Xs) of CO, in contrast to the 3 L ex-
posure used by Craig. Also, Craig bombarded his targets
with 400-eV electrons, which would correspond to the
tail of the secondary-electron energy distribution. There-
fore, it is possible that this discrepancy in the relative
yields results from variation with electron energy of the
ratio of the ESD cross section for CO+ emission to that
for 0+ emission. The energy range of our prefilter could
also have produced error in the relative yields, if the en-
ergy distribution of the emitted Ni+ was diff'erent for the
two adsorbates.

The O emission from ion bombardment of CO/Ni
and CO/Pd, shown in Fig. 6, does not appear to originate
from collision cascades. The behavior of I(0+) as a func-
tion of beam velocity also difFers from that found for
0/Ti, 0/Nb, 0/Mo, and 0/W. Although the 0+ yields
from Ar+ and Kr+ bombardment generally increase with
beam velocity, the Ar+ data for the CO/Ni target begin
to decrease in the upper portion of the measured velocity
range. I(0+) for Ne+ bombardment bears no resem-
blance to that found for 0/Ti, 0/Nb, 0/Mo, and 0/W.
These differences between the behavior of I(0+) for CO
adsorption and Oz adsorption do not arise from any pecu-
liar behavior of the secondary-electron yields, since we
found that the behavior of the secondary-electron yields
for the CO-adsorbed targets resembles that found for the
Oz-adsorbed targets.

For CO/Ni, the 0+ yields from Ar+ and Ne+ bom-
bardment appear to lie on a common curve as functions
of projectile velocity, but the yields from Kr+ bombard-
ment are twice as large. In Fig. 11(a), we plot these yields
divided by Lindhard's electronic stopping power con-
stant; there, the Ar+ and Kr+ data fall on a common
curve, with the Ne+ data twice as large. The 0+ yields
from ion bombardment of CO/Pd [Fig. 6(b)] exhibit less
order than those for CO/Ni. Also, the Ne+ data are
nearly independent of beam velocity and the Ar+ data do
not exhibit the maximum found for the corresponding
data for the CO/Ni target. However, division by
Lindhard's constant diminishes the variation with beam
species somewhat, as seen in Fig. 11(b). Thus, the results
for the two CO-adsorbate systems are dissimilar to one
another as well as to the 02-adsorbate systems studied, al-
though the behavior for CO/Pd resembles that for the
02-adsorbate systems more nearly than does the behavior
for CO/Ni. We note also that comparison of the scale of
Fig. 6(a) to the scale of Fig. 5(a) reveals that we observe
0+ yields from ion bombardment of CO/Ni that are ten
times those from 0/Ni, although Madden found the ESD
yields of O from O/Ni to be much larger than those
from CO/Ni. '
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FIG. 11. Yields of 0+ divided by the beam-dependent factor
of Lindhard's electronic stopping power for bombardment of (a)
CO/Ni; (b) CO/Pd.

V. CONCI. USlONS

We have found that the dependence of the O+ yields
on beam velocity for ion bombardment of adsorbates on
metal surfaces varies with substrate and adsorbate. Al-
though our results for 0/Ti reproduce the simple linear
dependence on velocity, independent of beam species,
found by Blauner and Weller for 0/V, " our results for
0/Mo exhibit a dependence on electronic stopping
power. Our results for 0/Nb and 0/W cannot be so
easily described (primarily because of the difficulties
posed by the Ne+ data), although those for 0/Nb resem-
ble those for 0/Ti, while our results for 0/W resemble
those for 0/Mo.

For ion bombardment of 02 adsorbed onto all metals
studied except Ni, the 0+ yields for each beam increase
linearly with velocity, as do the results of Blauner and
Weller, " ' suggesting that electronic processes are, in
some way, involved in the 0 emission for all of these
targets. However, the magnitudes of the observed 0+
yields are not consistent with those expected if secondary
electrons were producing the 0 emission, and only the
results for 0/Mo exhibit a clear correlation with the
secondary-electron yields in terms of the dependence on
the projectile species and velocity. Although the ob-
served 0+ yields for ion bombardment of O/Ni are con-
sistent with emission produced by collision cascades, this
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could be the result of a small ESD cross section for this
system. Thus, the behavior of I(O+) does appear to
correlate with that expected from the maximal-valency
arguments of ESD theory, which implicates some form of
electronically stimulated desorption.

We must note, however, that studies of the oxidation of
titanium have produced convicting results about the
stoichiometry of the oxide formed for 02 exposures simi-
lar to ours, with some studies suggesting that the oxide is
not maximally valent. If our oxide surfaces were not
maximally valent, our results would have to be con-
si.dered in light of findings that the ESD yield of 0+ from
Ti02 reduced by ion bombardment is larger than that
from the original Ti02. Studies of ion-induced emission
of 0+ from well-characterized oxide surfaces would help
to clarify this point.

The 0+ emission from the covalent systems, CO/Ni
and CO/Pd, does not result from collision cascades.
However, the velocity dependence of the yields differs
from that of the (ionic) oxidized targets.

Experiments using other transition metals, including
those which form nonmaximally valent oxides, would
help map out the details of the behavior of the 0+ emis-
sion. Moreover, the apparent offset of the O+ yields dur-
ing Ne+ bombardment should be further investigated by
using lower beam energies to determine whether the
yields remain a linear function of beam velocity for the
lower beam velocities. Experiments using the same mass
spectrometer setup for both electron- and ion-induced

desorption would eliminate the spectrometer's transmis-
sion from the calculation of the yields expected for
secondary-electron-induced emission, as well as provide
accurate measurements of the ESD yields for our target
surfaces. Studies of the 0+ yields for bombardment of
CO adsorbed onto such targets as Ti and W would help
determine whether the behavior of the yields for CO ad-
sorption is produced by the substrate or by the adsorbate.
Investigation of the energy distribution of 0+ emitted
during ion bombardment, and comparison with the ener-

gy distributions for ESD, would help to determine wheth-
er ESD processes indeed play a role in the ion-induced
emission of 0+. Finally, measurements of the coin-
cidence between 0+ emission and Auger electron emis-
sion could reveal the electronic processes occurring dur-
ing the desorption.
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